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SYNOPSIS 

Amorphous metallic alloys, characterised by the 

absence of a long range atomic order, have emerged as an 

important class of materials of widespread scientific and 

industrial interest. These materials have unique magnetic, 

electrical transport, mechanical and other physical pro-

perties as a direct consequence of their non—crystalline 

structure. 

There are two important classes of magnetic amor-

phous alloys— the transition metal—metalloid system and 

rare earth transition metal system. The transition metal—

metalloid amorphous alloys have been prepared by various 

techniques, like rapid quenching from the melt, sputtering, 

electrodeposition and electroless deposition. The transition 

metal—metalloid amorphous alloys prepared by a relatively 

simple technique like electroless deposition have not been 

investigated in detail. Also, the thermal stability of 

these alloys as revealed by annealing studies and the modes 

of crystallization may, to an extent, depend on the tech-

nique used in their preparation. 

In the present investigation, we undertake the ann-

ealing studies of the amorphous transition metal—metalloid 

system of Ni100—x P
x  with the following objectives : 

(i) To prepare Ni—P alloys of different phosphorus 

content ranging from a few atomic percent to as 

high as twenty three atomic percent using elect-

roless deposition technique. 



(ii) To characterize the magnetic and resist-

ivity behaviour of these alloys at tomp-

eratures from liquid nitrogen to about 

800 K. 

(iii)To study the crystallization behaviour of 

these alloys. 

The subject matter of the thesis has been arranged 

in seven chapters. 

The contents of the chapters are :-

Chapter  

The first chapter introduces the aorphous alloys 

with a particular emphasis on the metal-etE'lloid systems. 

The scope and the objectives of the present investigation 

have been elaborated in this chapter. 

Chapter 2 

The second chapter contains a review of the present 

understanding on the amorphous transition metal-metalloid 

system in respect of its preparation techniques, magnetic 

properties, electrical transport properties, structure and 

annealing behaviour. The experimental results for certain 

speci.- ic systems like NiP, NiB and CoP alloys have been 

particularly emphasized in view of their direct relevance 

to the present investioation. 



'Chapter 3 

This chapter describes the experimental procedure 

adopted for the preparation of amorphous Ni-P alloys films 

and the measurements carried out. The chemical analysis have 

been performed by gravimetric, and magnetic moment method. 

The micro-structure and the changes in the structure on 

heating have been determined by using hot stage transmi-

ssion-electron-microscopy. The structural changes on anneal-

ing have been investigated by both, the selected area 

diffraction pattern (SAD) and X-ray diffraction technique. 

Vibrating Sample Magnetometer has been used to study the 

magnetic properties and the changes on annealing in the 

temperature range from 77 K to 800 K. The resistivity of 

the films and their change on annealing have been measured 

by four-probe method over a temperature range starting from 

liquid nitrogen temperature to 780 K. 

Chapter 4 

The effect of annealing on the structure of Ni-P 

alloys has been reported in this chapter. The structural 

changes, as observed by SAD and X-ray diffraction, indicate 

the state of the as-deposited samples. The samples are 

purely microcrystalline, a mixture of amorphous and micro-

crystalline, or amorphous depending upon the phosphorous 

content of the sample. 

The precipitation of metastable phases and the 

crystallization of the amorphous samples have been observed 

by studying the X-ray diffraction and SAD at different 

intermediate temperatures during the process of crystall-

ization. 



Chapter 5 

The magnetic behaviour of electroless Ni-P system 

has been investigated in the range of phosphorus from 

5 to 23 atomic percent and the results have,been presen-

ted in this chapter. The amorphous Ni-P alloys with pho-

sphorous between 12 - 23 atomic percent show/ a decrease 

in magnetic moment with an increase in phosphorus content 

and the sample becomes non-magnetic beyond 17 atomic 

percent. The Curie and Paramagnetic Curie temperatures of 

the samples have been estimated assuming weak ferromag-

netism. The universal features of resistivity as reflected 

in Mooij Correlation have been explored. The effect of 

phosphorus content on TCR and room temperature resistivity 

has been reported here along with the thermal behaviour of 

resistivity of. amorphous alloys. 

Chapter 6 

The Ni-P alloys may be classified in three categ-

ories on the basis of the annealing response.(a) Phosphorus 

less than 12 atomic percent (b) 12 - 21 atomic percent and 

(c) Phosphorus content greater than 21 atomic percent. 

The magnetic moment of the samples containing upto 12 atomic 

percent phosphorus decreases continuously with temperature, 

but the samples with 12 to 21 atomic percent show two peaks 

in magnetization. Beyond 21 atomic percent phosphorus only 

one peak in magnetization is observed on heating. ThUs, the 

samples with 12 - 23 atomic percent phosphorus are amorphous 

showing crystallization behaviour through these peaks. 



Annealing behaviour has also been investigated by 

resistivity and it is seen that the crystallization takes 

place through several metastable stages indicated by 

definite drops in resistivity. These stages have been 

identified and discussed. The irreversible changes have 

been confirmed by temperature cycling. 

Chapter 7 

The concluding remarks arrived at the end of this 

investigation are contained in chapter 7. The amorphous 

metal-metalloid system like Nickel-Phosphorus, though 

simple, yet, show many interesting features in the stru-

cture, magnetization and resistivity behaviour on anneal-

ing which can be profitably explored to know more about the 

nature of the amorphous phase and the complexities of 

crystallization. 



ABSTRACT 

The nickel phosphorous alloys over the phosphorous 

composition range 5.4at.% to 23.5 at .% have been 

prepared using the electroless deposition technique. 

The technique consists in depositing a nickel phos-

phorous alloy on a substrate, suitably sensitized by 

Sn C 12  and PdC12., from a bath containing nickel sulphate 

sodium citrate, ammonium sulphate and sodium hypophosphite 

through X chemical reduction. 

The structure of the as-deposited state and the 

effect of annealing on the as-deposited structure have 

been investigated using transmission-electron-microscopy, 

selected area diffraction, X-ray diffraction techniques 

in the temperature range of 300K to 670 K. 

The magnetization and electrical resistivity 

behaviour and the effect of annealing on these properties 

have been investigated using Vibrating Sample Magneto-

meter and four probe resistivity measurements in the 

temperature range from 120 K to 800 K. 

The electroless Ni-P alloys may be, from the 

structural point of view, classified into four regions: 

(i) Polycrystalline containing less than 11 at .% 

phosphorous. 

(ii) Microcrystalline containing 11-14 at.% phosphorous. 



(iii) Mixed microcrystalline and amorphous having 14-18 

at.% phosphorous and 

(iv) Amorphous for more than 18 at .% phosphorous. 

The alloys are observed to be weak itinerant 

ferromagnets with strong short range order. The magnetic 

moments of as-deposited state are found to be 4.40, 2.43, 

1.58 & 0.60 emu/g for samples containing 13.0, 15.0,16.4 and 

17.3 at .% respectively. The Tc  are found to be 398, 318 

and 283 K and T 498, 469 and 432 K for samples containing 

15, 16 and 16.4 at .% phosphorous respectively. 

The Aboij correlation can be observed 	the 

electrical resistivity behaviour. The resistivity is 

found to be 71Aohmcm for 11 at .% phosphorous sample and 

finally increases to a value of 187 Aohm cms and the 

T C R, which is much less than that for the crystalline 

phase, decreases to a value of 12 x 10
-5
/K for 21.5 at.% 

-,Q0m4 
phosphorous.The extrapolated value for. T C R reduces to 

zero at 23.5 at. .% phosphorous. In the temperature range 

of 140 K to 280 K, the resistivity is observed to be 

linear with T2 and'then becomes linear with T from 280 K 

to 400 K. 

The polycrystalline and microcrystalline films 

containing less than 12 at.% phosphorous undergo a stress 

relaxation at around 450 K and subsequently, around 650K 



the precipitation of Ni
3
P reduces the resistivity markedly 

and enhances the magnetization. In the amorphous films 

containing more than 18 at.%phosphorous there is a very 

small reduction of resistivity at around 420 K and 

attributes to atomic relaxation. A continued'heating shows 

a lowering of resistivity over a . broad temperature range 

and corresponding Oeats in the magnetization. At the 

end of this temperature range there is a sharp drop in 

resistivity and another peak in magnetization to correspond 

with it. The former reaction taking place over a broad 

temperature range results in the precipitation of nickel 

and its higher phosphides. The extent of this reaction 

reduces with increasing phosphorous content and it 

becomes non-existent in an alloy containing about 

23.5 at.% phosphorous. The alloys with intermediate 

phosphorous contents of 12 to 18 at.% show a superposition 

of the Characteristic reactions taking place in the 

microcrystalline'and amorphous regions. 
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CHAPTER 1 

INTRODUCTION 

The magnetic amorphous metallic alloys, lacking 

crystalline order and having rather unique magnetic, elect-

rical, mechanical and other properties resulting from 

their amorphous structure, are a subject of current inter-

est both from a fundamental as well as the application 

point of view. 

The present intense interest in amorphous alloys, 

or METGLASSES as they are more widely referred to, can be 

traced to the following factors : 

(i) The invention, by Duwej in 1959, of a practical 

way to quench'a metallic melt at rates as high as a million 

kelvin per second. 

(ii) The prediction of the possibility of ferromag-

netism in such alloys by Gubanov (1) in 1960 and the exper-

imental confirmation of this somewhat improbable prediction 

by Mader and Nowick (2) five years later in 1965 on vacuum 

deposited Co—Au alloys. 

(iii)The gradual realization that these alloys have 

unique properties some of which were earlier considered to 

be mutually exclusive, e.g., the amorphous alloys are strong 

like oxide glasses but unlike oxide glasses they can also 

be deformed plastically. Moreover the unexpected form of 

magnetism in the alloys have made them a good candidate for 

the replacement of Fe—Si laminations in power transformers. 



Yet another feature of interest from application point of 

view is the absence of macroscopic magnetocrystalline 

anisotropy that amorphous ferromagnets have, as this results 

in a high initial permeability and a very low coercive force. 

In the amorphous alloys, in contrast to crystalline 

alloys, one can vary the composition continuously in a 

single phase and hence can study a physical property as a 

function of composition and temperature, and at the same 

time just like crystalline alloys, they are known to dis-

play a complete range of electronic behaviour, i.e., cond-

uctors (even super conductors), semiconductors and insula-

tors. It is, however, important to realize that through 

the change of temperature and composition, certain not so 

obvious changes such as structural relaxation, do occur in 

the amorphous phase and these may well influence the elect-

rical, magnetic and crystallization behaviour etc. of the 

phase. 

A broad question, which always so to say haunts the 

investigator while studying any amorphous system, is that 

in what ways does the lack of crystalline order affects the 

physical properties such as electrical resistivity, magnet-

ization, mechanical characteristics etc. of the system. 

Then, of course, this question apart, one attempts to get 

answers to other related questions such as the factors that 

stabilize the amorphous phase—the crystallization behaviour, 

and to what extent does the above properties depend upon 

the method used for the preperation of the alloys. 



3 

The present work is an attempt to understand the 

crystallizatiOn behaviour of amorphous metal-metalloid 

system through the annealing studies on the structure, 

magnetization and electrical resistivity. Although many 

work exist on the structure, magnetic properties, resis-

tivity behaviour, as well as some on the effect of anne-

aling on these properties, few,  have been to study the 

crystallization behaviour. Here, annealing studies have 

been made on all these properties in an integrated way 

for the purpose of evolving a clear picture of the steps 

involved, the phases formed etc. during the crystalization. 

The system that has been selected for this purpose 

of investigating the crystallization behaviour is a mag- 

nitic amorphous alloy, Nickel-Phosphorous, which is-a 

trans.ition metal-metalloid alloy and belongs to the for-

mer of the two important classes of magnetic amorphous 

alloys, the transition metal-metalloid alloys and the rare 

earth-transition metal alloys. 

The study of Ni-P alloy because of its simplicity 

may be considered as a starting point for the understan- 

ding,of the crystallization behaviour of more complex 

ternary and quarternary systems. Also there are other 

aspects that needs more investigation such as the nature 

of the as-deposited state, the way the preparation method 

influences the annealing. behaviour. 

The electroless deposition is the method of prep-

aration that has been chosen to investigate the above 

aspects of the Ni-P system. The reasons for this choice 
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have been such as the simplicity of this method as compared 

to, say, the melt quenching. Also relatively. speaking, 

compared to the electrodeposition methods, a few studies 

only have opted for films prepared by electroless tech-

nique. The modes of crystallization and the thermal stab-

ility of these alloys as probed through annealing studies 

do, to an extent, depend upon the techniques used in the 

alloy preparation. Many discripancies in the results of an 

amorphous Ni—P system have been attributed by workers to 

concentration inhomogenieties in the amorphous samples and 

it has been pointed out that the degree and distribution 

of these inhomogenieties depend on the method of preparation. 

A systematic investigation of structural, magnetic 

and electrical properties of electroless deposited 

Ni100—xPx alloy in the composition range of x as five atomic 

percent to as high as twenty four atomic percent and over 

the temperature range of 120 K to 800 K has been under-

taken in the following sequence. 

First, since it is the structure that governs the 

behaviour of the physical properties, the structure of the 

as—deposited state is investigated by electron—microscopy, 

selected area diffraction and supplemented by X—ray diffr- 

action and through the annealing of the as—deposited state. 

The result of this investigation is presented in chapter 4. 

Next, the intrinsic properties of the amorphous 

phase such as magnetic moment, Curie and paramagnetic Curie 

temperature, resistivity and the temperature coefficient 

of resistivity (TCR), their compositional and temperature 
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dependence have been investigated using vibrating sample 

magnetometer (VSM) and four probe measurements. The results 

of this aspect form the subject matter of chapter 5. 

Finally in chapter 6 a systematic study of crysta-

llization has been under—taken through the annealing res-

ponse of both the magnetization as well as the resistivity 

of the amorphous phase in the temperature range upto 800 K. 

The purpose of this study is to have an understanding of 

the crystallization behaviour of transition metal—metalloid 

(TM—M) class of magnetic amorphous alloys and in particular, 

Ni—P system. The study is concluded in chapter 70 In chapter 

2 a review is presented of the work done by earlier workers 

on the structure, electrical and magnetic properties and 

the crystallization behaviour of the metal—metalloid system 

with a particular emphasis on Ni—P and Co—P alloys along.. 

with the principles of different methods of preparation of 

amorphous alloys. Chapter 3 gives the details of the 

experimental procedures used in the present investigation. 
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CHAPTER 2 

THE AMORPHOUS TRANSITION METAL—

METALLOID SYSTEM : A REVIEW 

The chapter presents a brief review of the work . 

done by the earlier investigators on the annealing studies 

on the structure, magnetic and electrical resistivity of 

the amorphous transition metal—metalloid system. Although, 

broadly speaking, many review articles and books (3-8) are 

available, most deal with amorphous alloys prepared by 

rapid quenching from the melts. In this review, however, 

the emphasis is on electroless and electrodeposited trans-

ition metal—metalloid system Ni—P. 

2.1 THE AMORPHOUS METAL—METALLOID SYSTEM 

Though it is difficult to produce metals in the 

amorphous form, certain metallic alloys composition can 

be prepared in the amorphous form and are reasonably stable 

in this state. The amorphous magnetic alloys, the class to 

which NirP belongs, have been the subject of considerable 

investigation and consist of one or more transition metals 

Fe,Co,Ni alloyed with glass formers such as B,P,Si,A1 along 

with Cr or Mo that are added to impart certain specific 

properties (9). The magnetic properties, hardness, strength 

as well as corrosion properties appear to be of purticular 

interest for industrial applications. Some examples of 

the amorphous alloys are Au—Si, Pd—Si, Co—P, Fe—B, Ni—P, 

Fe—P—C, Fe—Ni—P—B; Mg—Zn,Cu—Mg; Zr—Cu,Zr—Ni,Ti—Ni. 



2.2 THE PREPARATION TECHNIQUES 

The important techniques of the preparation of the 

amorphous alloys are a) Splat quenching, b) Sputtering and 

evaporation, c) Ion implantation, d) Electrodeposition, 

and e) Electroless deposition. Mentioned below is only the 

physical idea of these methods very briefly. 

One of the important way of making amorphous alloys 

is to quench the melt so rapidly that there is insufficient 

time for the crystallites to nucleate and grow (splat quen-

Ching). Yet another is to deposit the allow from vapors 

phase on to a cold substrate, so that the impinging atoms 

(3) have no time to arrange themselves in a crystalline 

lattice (vapoi quenching) so that th.e solidification takes 

• place so rapidly that the atoms are frozen in their liquid 

configuration. To achieve a high quenching rate one needs 

to maximize the contact area between melt and the cooling 

medium. The various techniques used for this. purpose are 
splat quenching, melt spinning, atmomization etc.. 

The sputtering technique is based upon atom by atom 

constitution of the product. This technique has been exten-

sively used for the preparation of rare earth-transition 

metal films, which is an important class of amorphous alloys. 

This is due to high quenching rates inherent in sputtering 

methods~10
8
K/sec. The sputtering is typically carried out. 

in the presence'of an inert gas e.g. Argon. Evaporation 

methods, in a way, are similar to sputtering methods. 



The ion implantation technique consists in amorph-

izing a metal foil by ion implanting solute atom in it. 

This technique has been used to prepare some otherwise 

impossible amorphous alloys such as Cu-W or Pt-Au. This 

method allows some freedom from the compositional restric-

tions imposed by constitutional phase diagrams. 

Many transition metal-metalloid amorphous alloy 

systems have been prepared by electrodeposition technique. 

It has been observed that the precise composition of the 

product depends strongly on the deposition conditions and 

bath composition during sample formation. In contrast sample 

fabrication by other methods such as melt quenching, sputt-

ering, etc. results in a product having a composition very 

nearly that of the melt from which it is formed. 

Typical baths used for amorphous Ni-P and Col) samples 

have been described (10,11). The baths are essentially the 

same as used by Brenner (12) to prepare first Ni-P amorphous 

alloy samples by electrodeposition. Similar baths have been 

used later on by many workers (13-15) to prepare amorphous 

samples. 

The electroless deposition technique, being the method 

used in this work, is presented in chapter 3. 

2.3 THE STRUCTURAL STUDIES:NICKEL PHOSPHOROUS 

Brenner (12) was the first to prepare Ni-P alloys by 

electrodeposition and he claimed it to be an amorphous system 

bUt this aspect was not studied much until 1965. Goldstein (16) 

studied electroless deposited Ni-P alloys containing 12.5 to 

17.4 at. X phosphorous using X-ray and electron-diffraction, 
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and found them to be a dense, amorphous, liquid like stru-

cture. It was claimed to be the first occurance of an amor-

phous metallic solid in massive form. The as—deposited state 

of chemically reduced nickel is highly metastable. Graham 

et.al. (17) analyzed electron and X—ray diffraction patterns 

of as—deposited electroless Ni—P alloys (8 to 16 at. 

phosphorous) and concluded that the structure of alloys is 

a supersaturated solid solution of P dissolved in fcc nickel 

with numerous stacking faults. They also detected a <111> 

fibre texture, the strength of which increased with annealing. 

To account for the precipitation, hardening in these alloys 

they proposed a plane of coherency between the crystal stru-

ctures of nickel and the precipitated Ni3—P. The findings of 

Graham et.al. (17) were later confirmed by Pai and Marton (18). 

Albert et.al (19) also found on the basis of X—ray 

studies that the as—deposited films with phosphorous Contents 

from 0.5 to 14 at. X had a strained single phase f.c.c. stru-

cture.Meada (20) studied electron diffraction patterns of 

electrodeposited films containing upto 7 at. X phosphorous 

and he also found fcc polycrystalline nickel with a <111> 

fibre texture. Grain size decreased rapidly with increasing 

phosphorous content and was only 50 to 60 A°  in films contain- 

ing 4 at. X phosphorous. 

Randin et.al. (21). and_Schlesinger and Marton (22) found 

electroless deposited Ni—P alloys to be a supersaturated solid 

solution in a metastable liquid like state and the solid 

solution of phosphorous in nickel as a metastable intermediate 

state between that of a mixture of nickel plus phosphorous and 
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the equilibrium syStem of Ni  Ni3P. This intermediate 

state includes phosphorous atoms chemically bonded to nickel 

atoms as phosphide.Cargill (10) analyzed X-ray interference 

functions for electrodeposited. Ni-P alloys of 19 and 26 at./ P 

and found that they had more short range order than observed 

in a liquid noble metal above its melting point. Reasonable 

agreement with X-ray data has.been obtained by using models 

of dense random packing of hard spheres. Somewhat better 

agreement was Obtained by using spheres of slightly different 

sizes. 

While the most previous X-ray studies show the as-

deposited high-phosphorous content films to be amorphous, the 

evidence from an electron microscopy study is to the contrary.. 

Bagley and Turnbull (23) followed the mode of transformation 

to the equilibrium state and concluded that only a sample with 

a composition of nearly Ni3-P is initially amorphous. At 

slightly lower phosphorous content, isothermal annealing of 

the films resulted in crystallite coarsening, suggesting an 

original microcrystalline structure. The Ni-P samples with 

composition ranging from 12 to 17 at. X have been found to be 

microcrystalline by Berrada'(24) while Ni P
18 sample is 

amorphous as shown by X-ray diffraction. X-ray diffraction 

patterns for microcrystalline Ni-P alloys show 'a mixture of 

fc6 Ni+Ni3P.The D.T.A. trace and high value of Hc, were also 

indicating that the sample containing from 12 to 17 at./ P 

are a mixture of two phases i.e. Ni and Ni3P. 

Bennett et.al. (25) Studied Ni-P system containing 15 

to 25 atomic 	phosphorous prepared by both electrodeposition 
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and electroless deposition methods and assumed them to be 

amorphous. Alloys prepared by the two techniques give diff-

erent knight shifts, suggesting different local structure. 

Linewidth measurements support a binary dense random packing 

of hard—spheLes model in which phosphorous atoms have only 

Ni neighbours. 

A. Cziraky et.al. (26) in the study of electroless 

deposited Ni—P alloys prepared samples by chloride as well 

as sulphate bath and also by electrodeposition method. The 

SAD pattern of the samples produced by chloride bath contains 

a diffuse ring at 2.03 A°. While with certain sulphate baths 

and electrodeposited samples SAD contains one more diffuse 

ring at 3.3 A°. Its position coincides with the first occuring 

line 220 of the Ni5P2  compound. 

With the help of NMR studies, it was observed that 

the samples prepared by chemical reduction exhibit A' much 

higher degree of inhomogeniety than the samples prepared by 

other methods. Yamasaki (27) studied electroless deposited 

Ni—P system with phosphorous contents 12.5 and above atomic 

percent examined by large angle X—ray scattering and concluded 

that the structure of this system is quite similar to that of 

the amorphous material obtained by other methods such as rapid 

quenching of liquid metal and electrodeposition. Cortiju and 

Schlesinger (28) studied electroless Ni—P films and concluded 

that it is a solid solution of phosphorous in crystalline 

fcc nickel structure. The smearing out of the diffraction 

pattern for low pH (high phosphorous contents) value can 
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initially be attributed to one or more of the following : 

(i) partial crystallinity 

(ii) small crystallite size 

(iii) internal strains. 

Co—P and Ni—B 

The Co—P and Ni—B systems are similar to Ni—P in 

many ways, they are, like Ni—P, prepared by electrodeposition 

and electroless techniques. Extensive structural studies 

have been carried out on these systems. Instead of attempting 

a review, only some of the important work is refered to here. 

In Co—P the early work has been of Fisher and Chilton 

(29), Judge et.al. (30), Konbe and Kanematsu (31). The more 

recent and important• work has been of Pan and Turnbull (32), 

Cargill and Cochrane (33-36), Riveiro et.al. (37-38). 

The structural studies on Ni—B system are-of more 

recent origin. The first important one being of Gorbunova 

et.al. (39); Hedgecock et.al. (40) on electroless Ni—B 

system. Rapidly quenched Ni—B was studied by Takahashi et.al. 

(41) Kaul and Rosenberg (42) and Bakonyi and Panissod (43-44). 

2.4 THE MAGNETIC STUDIES 

Nickel—Phorphorous 

It was Rhodes and Wohlfarth (45) who gave experimental 

data for Curie Weiss constant and saturation magnitization 

of a wide variety of ferromagnetic substances, and used this 

to calculate respective values for the numbers of magnetic 

carriers qc  and qs. A plot of the ratio qc/qs  as dependent 

on the Curie temperatures reveals two branches. For one, the 
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ratio qc 
 /q

s 
 t.%41 and for the other q

C
/q

S 
> 1. The second branch 

corresponds to nickel and its alloys in addition to some 

other substances and their alloys and these were classified 

as weak itinerant ferromagnets. This criteria has been used to 

classify the nature of ferromagnetism in amorphous Ni-P alloys. 

Albert (19) studied Ni-P films prepared by the tech-

niques of electroless, electrodeposition and vacuum coating 

with phosphorous contents from 0 to 11 at. X and noted that 

the spontaneous magnetization of Ni-P films decreases line- 

arly with increasing phosphorous contents until being non-

magnetic"at about 15 at. X. Simpson and Brambley (46) studied 

the variation of saturation magnetization with. temperature 

of Ni
85
P
15 

alloy, in the as-deposited state and also in a 

crystalline metastable single phase condition. The Curie 

temperature and saturation magnetization were appreciably 

reduced, having values 390 K and 7 e m u/gm respectively, as 

compared to pure nickel. The corresponding state curves were 

found to be below as compared to the crystalline phase. 

Pan and Turnbull (47) studied magnetic properties of 

Ni-P alloys prepared by electrodeposition technique contain-

ing 12 - 23 atomic percent phosphorous With the help of Foner 

VSM in fields upto 8 K Oe between 70 and 370°K. Ferromagnetic 

Curie temperatures, Tc, determined by the "method of ther-

modynamic parameters" were found to decrease from 212 to 

75 K as phosphorous concentration'increases from 12.41 to 

16.8 at. X. Paramagnetic Curie temperatures,  were ded- 

uced from the temperature dependence of initial suscepti-

bilities:Xi, above Tc. The difference Tp-Tc  were of the 
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order of 100 °K for all specimens and several times larger - 

than for crystalline ferromagnetic materials. At high field 

the low temperature magnetization decreases with phosphorous' 

concentration and -ferromagnetism disappears at about 17 at. X, 

in close agreement with Tc 
measurement and at phosphorous 

composition 16 — 18 at. X, amorphous Ni—P alloys behave as 

weak itinarant ferromagnets and has a decreasing paramagnetic 

susceptibility beyond that composition. 

Schneider and Weisner.  (48) studied the magnetic 

properties of rapidly quenched Ni—P alloys with 12 to 18 atomic 

percent phosphorous. The.Curie temperature is estimated by 

extrapolating the Ms  vs T curve at 8 K Oe to M = 0 and comes 

out to be (513 ± 40).K which is comparable with Tc  of the 

metastable fcc single phase of Ni85P15  (Tc  = 530) (46). The 

amorphous Ni821318  shows no ferromagnetic order,it seems to 

be a simple paramagnet. The solubility limit of phosphorous 

in nickelis very small. Therefore the results are compared 

with those of Ni—Si alloys.The value of remanance to satur- 

Mr ation magnitization -- increases by annealing to about Ms 

Berrada et.al. (24) made a detailed study of electro-

deposited Ni--P alloys containing 15 to 25 atomic percent 

phosphorous. The experimental results show that the magnetism 

is not of the same nature below and above a critical conc. 

which determines two concentration ranges : the first one 

M, 
0.5, whereas the ratio --tit of the quenched alloy (as—

.s 
prepared)is very low. The increase in Mr/Ms  is attributed 

to the removal of strain. 
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(15 to 18 at. /. phosphorous) presents the character of a 

weak homogeneous ferromagnetism, while inhomogenieties 

dominate the magnetic properties of the second one (18 to 

25 at. 	phosphorous), i.e., the amorphous alloys in this 

range are characterized by magnetic clusters, whose size 

increases with phosphorous concentration. 

The saturation magn4tization and the Curie temper-

atures deduced from Arrott plots decrease linearly with 

increasing phosphorous concentration in the range 15 to 18 

at. 	phosphorous. The Arrott plots are linear in-  wide tem- 

perature and magnetic field ranges. The slopes of straight 

lines are nearly temperature independent and the intercept 

of these lines with M2 axis varies linearly with (T/Tc)
2 

above and below the Curie temperature. These results show 

that the alloys are nearly homogeneous weak ferromagnets. 

For larger phosphorous concentration (greater than 

18 at. /. ) results are quite different, as Arrott plots are 

no more linear and the magnetization results from two cont-

ributions M = X H + Mc(H,T) : (i) a now magnetic part X(T)H, 

slowly temperature dependent and decreasing with increas-

ing phosphorous concentration and (ii) a magnetic contri-

bution Mc(H,T) which saturates at low temperatures for 

fields Hs decreasing with increasing concentration of phos-

phorous; this contribution is not a unique function of H/T. 

In this concentration range, the phosphorous atoms 

are well distributed in the alloy, and the fluctuations of 

the moment on atoms contributing to the total magnetism are 
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rather negligible. Thus Ni—P system remains magnetic in the 

whole conc. range 15 to 25 at. X phosphorous, although a 

critical concentration seperates (18 at. 	phosphorous) two 

different magnetic behaviours. In the range 18 to 25 at. 

phosphorous coercivily measurements also confirm the 

existence of inhomogenities. 

Pure nickel phosphorous film has been deposited (Tammura 

and Endo (49)) onto the glass substrate cooled by liquid 

nitrogen. The Curie temperature Tc  and spountaneous magneti-

zation'as in the amorphous state show a marked decrease 

compared with crystalline state. The ratio of Tc and as 

between amorphous and crystalline state are respectively about 

0.85 and 0.60. The decrease of Tc and as are due to its 

amorphous structure and not caused by its impurities. 

In crystalline materials the inverse paramagnetic 

1 — susceptibility X depends linearly on temperature (Curie — 

WitLss Law), if one excludes temperatures very near to Tc. 

The amorphous materials exhibit a strong upward curvature 

of N71(T) (50) in a very wide temperature range. Bakonyi 

(51) made a detailed study of the disappearance of the spon. — 

taneous magnetization in nickel—metalloid alloys with incr-

easing metalloid (B,C, Si or P) content. These elements form 

a continuous series of homogeneous solid solutions with 

nickel in the form fcc 	Ni(M) upto a critical concentration 

of metalloid. He (51) proposed a new scheme on the band 

structure changes upon alloying in these systems which is 

capable of explaining all the existing experimental observat-

ions. Alloying nickel with metalloids has two effects 
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(i) the d—band is gradually filled up when the solute con-

centration increases and (ii) at the same time the exchange 

splitting of the d—bands decreases. Since both the effects 

work parallel, we could call this scheme as a band desplitting 

and filling (BD + F) model. This picture does not require 

the desnity of states to remain unchanged with respect to 

those of pure nickel although there are several indications 

that changes are not substantial upto concentrations necessary 

for completely supressing the ferromagnetism of nickel. 

Bakonyiet.al.(15) also made a detailed study of melt quen-

ched and electrodeposited Ni—P amorphous. alloys in the 

concentration range of phosphorous from 18 to 22 at. X, below 

room temperature. All the alloys investigated contain 

magnetic inhomogen:eities, the amount and nature of which 

depend on impurities and on th‘ details of sample preperation 

and it could be established that Ni—P alloys with phosphorous 

content greater than 18 at. X exhibit Pauli paramagnetism and 

Pauli susceptibility was found to decrease rapidly with 

phosphorous content. They also found a similarity of the 

electronic structure and short range order in amorphous 

Ni—P alloys and crystalline Ni 3P compound. 

The magnetic properties of electrodeposited amorphous 

Co—P system has been very widely studied (11,29-33, 52). One 

of the, such, important study is of PAN and Turnbull (32) 

who investigated system having phosphorous_ concentration in 

the range 18 to 33 at. X and found that the ratio of remanance 

to saturation magnetization, i.e., arias  were several hundred 

times lower for amorphous than for polycrystalline, the 
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magnetic moment. decreases with increasing phosphorous cont-

ent and more rapidly at phosphorous concentration greater 

than 23 at. X. Tc  also decreases with increasing phosphorous 

content and would vanish at a content well below 33 at. X . 

2.5 THE ELECTRICAL RESISTIVITY STUDIES 

Nickel-Phosphorous 

The early study of the electrical resistivity of 

Ni-P alloys has been by Schlisinger and Marton (22). In this 

study the resistivity of the chemically as-deposited films 

was found to be orders of magnitude higher than that of 

corresponding bulk material. During heating, the resistivity 

of fresh films is found to undergo a drastic reduction. 

Boucher (53) studied electrical resistivity of Ni-Pd-P 

alloys prepared by rapid quenching from the melt between 

temperature range 4.2 K and 300 K and in some cases upto 

450 K. For a given phosphorous content of either 20 or 25 

at. X, the resistivity and its temperature coefficient at 

room temperature are practically independent of the ratio 

of Ni to Pd, the resistivity varies with phosphorous content. 

The temperature coefficient of resistivity decreases with 

increasing phosphorous content and becomes negative around 

24 at. X phosphorous.Around this composition, the alloys 

have a very small. TCR which varies within + 2 x 10-5/ K 

from specimen to specimen. Pai and Marton (18) studied 

electroless Ni-P alloys containing upto 16 at. X phosphorous. 

When the as-deposited films are heated in vacuum, the resist-

ivity was observed to change drastically, accompanied by 

structural transformation of the film from a single phase fcc 
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structure to a two phase structure of fcc nickel and tetra-

gonal Ni3
P. The mechanism responsible for the changes in 

resistivity can be described by two different thermally 

activated processes. One is the annihilation of grain boun-

daries, which decreases the resistivity, and the other process 

is the formation of Ni3P which tends to increase the resist-

ivity. It was observed that a large proportion of Ni3P is 

formed only above 573 K. The activation energy of the process 

was found to be both temperature and film thickness dependent. 

'Based on the model of resistivity and Mathiessen's rule, 

the observed resistivity in the present case may be expressed 

as 

P = Pl  P2 P3 

where pl  is largely the grain boundary part, F2  is the Ni3P 

part and p3  is the phonon part of the total resistivity p. 

p3  in our case is small and can be neglected. 

In the temperature range 300 K — 700 K, errors 

between calculated values of p and the observed ones are 

less than 6/..Above 700 K, the deviation is much larger, 

which is believed to be due to following reason : When the 

crystal size of nickel is sufficiently large i.e., at 775 K, 

complete conduction path will appear, formed solely by nickel. 

Under this condition the entire current will be almost 

conducted through nickel only, inspite of the presence of 

Ni3P, andwith the result, the resistivity decreases drastically. 

The model sunnesed have may 	nnnlicnhie to other, cAnon 

also. Cote (14) made electrical resistivity measurements 



20 

between 4 K and 300 K on glassy Ni—P alloys prepared by 

electrodeposition method, which are used to show that liquid 

transition metal theory is applicable to the metallic 

glasses and explains his results for Ni—P and Beeby's 

"sinking band" (54) model is far better approximation 

than the rigid band model for Ni—P. 

In view of the amorphous structure of the metallic 

glasses, liquid metal theory is thought to provide a basis 

for understanding the electronic properties of these glasses. 

The transport property measurements combined with 

structure factor determination by X—ray measurements (14) 

are found to be consistent with a liquid like structure 

for Ni—P alloys. The high temperature contribution to the 

resistivity may be explained in the framework of the extended 

Ziman theory (55) as was discussed by Meisel and Cote (56) 

and Cote and Meisel (57); as a result they obtained for 

amorphous alloys the analogue of the Bloch—Gruneisen func-

tion for crystalline alloys : the resistivity shows a 

quadratic temperature dependence at low temperatures and a 

linek-  one at high temperatures. 

Cote (14).has shown that the room temperature resis-

tivity of electrodeposited Ni—P alloys increases from 104 

to 175 ilacm while TCR undergoes a gradual transition from 

1.8 x 10
-4 

 /K to —0.4 x 10
-4

/K over the composition range 

from 15 to 25 at. X phosphorous. The transition occurs at 

23.00 at. .X phosphorous which is remarkably close to similar 

transition at 24 at.  phosphorous seen by Boucher (53) for 
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Ni—Pd--P alloy. Berrada (13) reported investigation on Ni—P 

electrodeposited films from 15 to 25 at. X phosphorous in 

the temperature range of 1 K to 100 K. They have seen a 

resistivity minima between 5 K and 10 K and a quadratic tem-

perature dependence above resistivity mi4a. Residual res-

istivity is significantly higherP (0)4,Z, 100 11.11 cm than for 

crystallized nickel alloys in similar ranges and increases 

with phosphorous. For temperature greater than 100 K resist-

ivity depends linearly on temperature and upto 100 K, they 

observed a quadratic temperature dependence of resistivity.. 

2.6 ANNEALING AND CRYSTALIZATION BEHAVIOUR STUDIES 

Nickel—Phosphorous 

Randin et. al. (58) studied electroless Ni—P films 

from 7 at. X to about 20 at. X phosphorous with the help 

of DTA study in the range of temperature from 300 K to 

about 800 K. It was observed that for samples containing 

11.5 at. X to 14.15 at. X'a diffuse peak of low intensity 

covers the entire temperature interval from 473 K to 573 K 

and a second peak at 583 K with small intensity and markedly 

broadened towards the high temperature side of the scale. 

At low phosphorous concentration te.g., at 7.3 at. X, 

the broadening of the latter peak is more pronounced. 

At phosphorous contents larger than 17.4 at. X, one 

single sharp peak appears at 583 K. 
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So there are two reaction areas one below 573 K and 

other above 573 K. The intensity of the first peak is 

maximum at 14.15 at. X which vanishes after 17.4 at. X. 

The energy corresponding to second reaction area is pro-

portional to phosphorous content. It has been concluded 

that the last products formed after crystallization are 

Ni and Ni
3
P and no other phosphide. Albert (19) also found 

after annealing at 850 K a stable configuration Ni3P + Ni 

of his Ni—P films contaning upto 11 at. X phosphorous. The 

same conclusion was also derived by Bagley and Turisbull 

(59) for his electrodeposited films containing phosphorous 

from 12.5 to 25 at. X after annealing at above 673 K for 

half an hour. He also performed DSC measurements and 

obtained two exothermic transformations at 553 + 2 K and 

second at 683+ 5 K for his Ni—P sample containing 25 at. 

phosphorous. But the sample containing 12.5 at. X phosphorous 

had only one reaction at 667 + 2 K. 

X—ray diffraction pattern of their 24.96 at. X 

phosphorous sample, heated for 2 minute at 598 K was too 

complex to be indexed but,did not correspond to Ni3P. 

Maeda (20), studied electrodeposited Ni P.films 

containing only upto about 7 at. X phosphorous, found that 

the equilibrium phase obtained at 673 K contains not only 

Ni3P but also higher phosphides like Ni5P4  and N17P3. 

tmirk 
Pai and Marton (18) prepared 	Ni—P films by 

electroless deposition method and made a detailed struct-

ural study. Heat treatment of the sample, oto 373 K causes no 

appreciable change. Further heating gives a peak, centred 
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at the Ni [111] position. When the sample is heated to 673 K 

or above, some well resolved peaks appear corresponding 

to fcc Ni and tetragonal Ni3P. No evidence of Ni3P appears 

in the diffraction spectrum of Ni—P films heated below 

573 K.The Ni3
P crystals are believed to be dispersed in 

the matrix of nickel crystals and form a crystal mixture 

of Ni and Ni3P. Simpson and Brambley (46) made observations 

on his electroless Ni85P15  samples, for crystallization 

behaviour through DTA, which showed two peaks, one at 

537 K,corresponding to amorphous to a metastable single 

phase transition and the second peak at 659 K. The second 

peak corresponds to a transition from a metastable fcc 

single phase to the equilibrium two phase alloy (Ni+Ni3P). 

On the basis of unchanged constant value of magnetization 

in the temperature range 523 K to 568 K, they concluded 

that the sample continues to remain in the metastable fcc 

single phase. 

Schneider and Wiesner (48) studied rapidly quenched 

Ni—P samples containing phosphorous from 12 to. 18 at. X. 

They observed two sharp exothermic peaks at 476 K and 

609 K. He however observed no peak'in 16 at. X phosphorous 

sample in DTA, which he attributes to microcystalline 

nature of his rapidly quenched samples. 

Based on these three DTA studies (46,48,58) one 

may conclude the following : 

One peak is always observed in the region 310 °C to 

380 °C ( 583 K to 653 K). Intensity of this peak increases 

as the phosphorous content increases. This peak may be 
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attributed to the transformation of the sample to a equil-

ibrium mixture of Ni + Ni3P. A second peak at a lower 

temperature is observed only in samples with intermediate 

phosphorous range, i.e. from 11.5 to 17.5 at. X. This is 

usually low intensity and diffuse in nature. This peak may 

be attributed to a transition from amorphous to a metastable 

single crystalline phase. Thus both the samples containing 

less than 11.5 at. X phosphorous and those containing 

more than 17.5X P do not show this peak, one may conclude 

that in both these cases (less than 11.5 and greater than 

17.5 at. X }transformation to intermediate phase does not 

take place i.e., samples with greater than 17.5 at. X 

phosphorous remain amorphous upto say 310 °C (583 K) and 

then transform to a equilibrium mixture of Ni + Ni3P, 

while samples with less than 11.5 at. > remain a single 

metastable crystalline phase (a supersaturated solid 

solution of phosphorous dissolved in crystalline nickel). 

With increase of temperature,the crystallites grow and 

finally equilibrium transformation, to Ni + Ni3P, takes 

place at about 310 °C (583 K). Only in the case of samples 

with phosphorous in the range 11.5 at. X to 17.5 at. X 

that - the initial as-deposited phase may contain a mixture 

of regions both amorphous and microcrystalline (60)1, and 

transform to an intermediate complex phase containing 

Nix  + NiA  Py  (61) in the temperature range (473 - 573 K), 

before the sample finally goes to the equilibrium mixture 

of Ni + Ni3P at above 310 °C (583 K). 

Makhsoosm (61) made a detailed electron microscopy 

study of electrodeposited Ni-P samples containing 7,12,20 
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and 22 at. 'A phosphorous to understand their crystalliza-

tion behaviour. Heating a low phosphorous content film 

causes the crystalline array to decompbse to an equilibrium 

mixture of Ni and Ni3P. The heating ora high phosphorous 

content film causes several complex transformations following 

two reactions : 

Amorphous (Ni—P) 	NixPy+Ni (random) 

Nix  Py  +Ni 	Ni3P+Ni (random) 

where Nix  Py 	A 
is a newly discored phase with a variable 

composition. Further electron beam heating gives the second 

transformation to equilibrium mixture. The microstructure 

resulting from the above transformations depends on the var-

iatiOn in composition of the as—deposited specimens, rates 

of heating and temperature gradients. The mode of phase trans-

formation is distinctly different in the microcrystalline. and 

amorphous regions. Crystallization in amorphous regions occurs 

by nucleation and growth (23) of NixPy  and Ni. Crystallization 

in microcrystalline regions occurs by nucleation and growth of 

Ni3P phase and grain coarsening of Ni phase. No distinct 

crystallization front is observed as in amorphous regions. 

Cziraky, et.al. (26) studied both electroless and 

electrodeposited Ni—P samples. They have used a chloride 

(c) bath and a sulphate (S) bath for electroless deposit-

ion. The DSC on C type samples (i.e. samples prepared 

from a chloride bath ) for the substrate side and solution 

side exhibited markedly different crystallization 

processes. In C—type sample, the onset of crystallization 

process occurs at unusually low temperature (473 K). TEM 
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shows occurance of nickel precipitates at 473 K. The S—type 

sample'shows a much more systematic behaviour. The first 

stage of crystallization can be considered as the develo-

pement of Ni—rich but still amorphous regions. SAD after 

second crystallization step demonstrates the presence of 

Ni7P3 + Ni and Ni5P2 + Ni phases. The diffraction pattern 

of Ni5P2  phase looked' similar to that of the hexagonal 

Nti;cPy  phase identified by MakhsOos et.al. (61). During this 

crystallization step, NixPy  is converted into Ni3P. It • 

is mentioned that after crystallization only Ni7P3  + Ni 

could be identified as final phases in the samples where 

third crystallization step is absent. (this was found in 

both C and S type samples and rapidly quenched samples). 

The transformation temperatures are almost independent of 

the phosphorous concentration. The second phase crystalliz-
ation occurs at 613 K and third a very small peak at about 

683 K for samples with phosphorous 16.4 to 19.3 at. $. 
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CHAPTER3 

EXPERIMENTAL PROCEDURES 

This chapter presents the details of the electroless 

deposition technique, the different methods such as gravi-

metric and magn4tic moment method used for the elemental 

analysis and the various measurement techniques used for 

producing structural, magnetic and resistivity data in the 

study of Ni—P system. 

The magnetization behaviour is investigated using 

Vibrating—Sample—Magnetometer model 155 (EG and G PARC USA) 

with a model 151 temperature oven, model 153 cryostat and 

model 152 temperature controller. 

The structural studies have been performed using 

PHILIPS Transmission—Electron—Microscope model EM 400 T/ST 

with a heating holder attachment PW 6592 and X—ray diffract-

ometer model 1140/90 (PHILIPS, Holland). 

The resistivity measurements are carried out using a 

standard four—probe method with provisions for low temperat-

ure upto 120 K. 

3.1 THE ELECTROLESS DEPOSITION TECHNIQUE 

Electroless deposition is tne technique used for the 

preparation of samples for this work. Electroless nickel plat-

ing was first developed by Brenner and Riddell'in 1946 and 

later many workers such as Goldstein et.al. (16),Graham et.al. 

(17), Randin et.al. (58), Simpson and Brarnbley (46) and very 

recently, Cziraky et.al. (26) used this technique for the study 

of the system Ni—P. 
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3.1.1 The General Considerations 

Electroless Ni-P plating is carried out by immersing 

the objects with prepared surface in the solution heated to 

363 - 368 K (90 - 95°C). The main components of the solution 

are nickel salt, hypophosphite, and organic comprunds which 

prevent an increase in the concentration of hydrogen ions 

formed during the reaction and increase the rate of depos-

ition and some bath stabilizer is alSo added. 

The reduction of the metal from its salts by hypo-

phosphite is a complex process which takes place only on 

surfaces' which catalize the reaction. The rate of electro-

less plating depends to a considerable extent on the temp-

erature of the plating solution. 

There is a change in composition of the solution which 

occurs during the process. The most important change is a 

decrease in the concentration of -the nickel salt and of hypo-

phosphite, so the components need to be replaced periodically 

for thick deposits, otherwise the rate of deposition will'go 

on decreasing with change in composition of the deposite. 

However, the maintainance of a constant composition is very 

difficult due to the increase in the concentration of the 

hypophosphite oxidation prOducts. 

It has been observed that the reduction 'of nickel salts 

by hyposphosphite starts spontaneously only on the surfaces 

of certain metals, such as nickel, cobalt, iron, palladium 

and aluminium. Other metals can also be plated by immersing 

the metal in the solution and bringing its surface in contact 
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with nickel or another metal more electronegative than 

nickel, e.g., aluminium or iron. 

The reduction of nickel is noticeable at 325 — 335 K 

and the rate of deposition increases with increasing temp-

erature, and in solutions heated to 363 K (90°C), it reaches 

values comparable to electroplating. It was found that the 

rate of reduction with a low hypophosphite concentration 

does not depend substantially with increase of nickel salt 

concentration. But the highest rate of deposition of nickel—

phosphorous is obtained at 30 g/f nickel salt concentration. 

The salts of organic acids considerably affects the 

deposition rate. These salts are used to maintain pH at the 

optimum value, but it has been observed by some workers that 

these salts have specific influence on the process and on 

the rate of reduction of the nickel—phosphorous. As by the 

experiments performed by Gorbunova and Nikifo.rova (63), the 

optiMum concentration of the buffer additive depends also 

on the hypophosphite concentration in the solution. In the 

plo!.ent fitudy R g/f nodium citrnte provider; ri 1,11-ely good 

rate of deposition ( 850 A°/min). 

The action of hypophosphite in the chemical reduction 

of metals can be compared to the action of the electric 

current in electroplating processes. A "by product" of 

electroless process is hydrogen which is always evolved 

during the reduction of nickel—phosphorous. 

According to the eqn. of main reaction : 

NiS04+NaH2PO2+H20—*Ni+NaH2PO3+H2SO4 
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1.8 gm of hypophosphite is needed for the reduction of 1 g 

of nickel, but the actual consumption of hypophosphite is 

attributed to the side reaction accompanying the reduction 

of the nickel, which causes evolution of hydrogen according 

to the reaction : 

NaH2PO2+H20-4HaH2PO3+H2 

In addition some phosphorous is used up in the reduction of 

phosphorous to the elemental state. 

The influence •of the small amounts of impurities can 

have considerable influence on the course of the reaction. 

Foreign elements may find their way into the solution as 

impurities in the main reagents. In addition, substances 

formed in the oxidation-reduction reactions might also 

affect the course of the process. 

Although increase in the hypophosphite concentration 

improve the rate of deposition of the sample, large amounts 

of reducing agents are not used as they cause the process 

to take place in the bulk of the -solution. 

High concentrations of nickel salts cause deterior-

ation in the quality of deposits. To maintain the process 

01.0  
at a constant rate, it is essential that hypophite and 

nickel salt be added periodically. Moreover ammonia may be 

added regularly to the bath to neutralize the acid formed 

in the reduction process, and to compensate for the losses 

of ammonia through evaporation. 

From the above general discussion one can conclude 

that for electroless plating the constituents of the bath 
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required are as follows : 

(i) Plating Agent : For Ni—P plating, nickel 

sulphate or nickel chloride is the plating 

agent. 

(ii) Complexing Agent:(a) Sodium citrate (b) Ammonium 

sulphate with sulphate bath and ammonium chlo-

ride with chloride bath. 

(iii) Reducing Agent : For nickel—phosphorous plating, 

sodium hyposphosphite is the reducing agent. 

3.1.2 Selection Of The Composition Of Bath 

Many baths for'the deposition of Ni—P system have 

been developed and tried. Alkaline and acidic baths have 

been used for introducing some desirable properties. Sulphate 

and chloride baths used for the deposition of Ni—P amorphous 

samples have their own merits and demerits and the selection 

of the constituents of the bath depends on its efficiency, 

quality of the bath and nature of the deposite required. 

The results with sulphate bath are reported to be 

very systematic, whereas with chloride bath, the results 

are arbitrary (26). The deposits on aluminium substrates 

exhibited higher magnetization than on brass substrates. 

According to Gorbunova and Nik'iforova (64), the reduction 

of nickel salts in acidic solutions has a non—uniform comp-

osition and'is basically a mixture of various phosphides. 

The Ni—P deposits are, therefore, nonmagnetic, while the 

deposits from alkaline (citrate) baths show magnetic 

properties. 

The deposition of Ni—P is considerably higher in 

ammonical bath as compared to acid bath and becomes much 
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faster when palladium chloride is added to the solution. 

In the presence of 0.0005 gm palladium per one gm of nickel, 

the phosphorous content of the deposite changed from 2.3 

to 3.7 	. 

Alkaline bath has one more advantage as compared to 

acid bath, that it is easy to replace the solution, in 

addition to good quality of the deposite. 

Keeping all the above considerations in view alkaline 

sulphate bath has been used in this work. The presence of 

complex forming agents (citrate and ammonia salts) in the 

alkaline solutions facilitate replacement and permit pro-

longed operating times. 

The bath composition and operating conditions used 

in the sample preperation are as follows : 

NiSO4.7H20 	27 g/f 

Na3C6H507.2H20 	85 g/f 

(NH4)2SO4 	47 g/f 

NaH2PO2 	
(l5-40)g/ 

pH value 	8.5-9 

Temperature of 	363+2 K 
the bath 

No stirring 

Both glass slides and aluminium foils were used as substrate 

for the deposition. The pH value is maintained throughout 

the deposition time by adding ammonia periodically. Before 
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immersing in the bath the glass substrates have to be first 

sensitized in a 1./ SnC12 solution for 1 minute and then 

activated by immersing in a 0.1% PdC12  solution for about 

30 seconds, followed each time by a rinse in deionized water. 

For aluminium substrates above procedure is not necessary, 

however immersing in PdC12  solution is desirable. 

The bath used in our study, is essentially the same 

as used by Simpson and Bramble y (46) but with constituents 

adjusted to get an optimum rate of deposition of about 850 A°/ 

minute. All the chemicals used were of ANALAR grade or 

equivalent. 

A 45 second deposit on a glass substrate corresponding 

to a thickness of about 650 A°  was found suitable for trans-

mission—electron—microscopy. 

For the purpose of X—ray, VSM, resistivity and the 

elemental analysis, a deposit of the alloy has been pre-

pared within about 1 hr. time, producing thicknesses from 

about 5 µm to 10 p.m depending upon the amount of sodium 

hypophosphite in the bath. The substrate used is aluminium 

foil for this purpose. 

3.1.3 The Substrate Preparation Procedure 

The samples for TEM study are deposited on glass 

substrates of size 25 mm x 70 mm x 2 mm, which were physically 

removed and are picked up with the help of a porcep made of 

nonmagnetic material for loading on to the grid of TEM. 

Proper cleaning of glass substrate is very essential for 
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uniform adhearance of the deposit", which is done in steps 

as given below : 

1. Teepol liquid detergent wash: Glass slides were 

rubbed with cotton dipped in liquid detergent and 

are washed in running water. 

2. The glass substrates are put in the chromic acid 

for 12 hours which is initially heated and are 

washed thoroughly in deionised water. 

3. The slides are passed through a hot solution of 

10% NaOH and are washed again thoroughly in 

deionised hot water. 

4. The glass slides are given an etching treatment 

and again rinsed in deionized water. 

5. The glass substrates are now dried in the atmos-

phere of isopropyl alcohol. 

For other purpose as mentioned above aluminium foils 

(99.95% pure) of size 0.3 mm thick and 3 cm wide strips have 

been used. Cleaning of the aluminium substrates is done by 

following the steps given below : 

a. degreasing with the organic solvent 

b. drying with hot air 

c. rubbing with Vim powder 

d. washing with running water 

e. etching in 1:1 nitric acid 

f. finally washing in deionised water and are dried 

under compressed air. 

After deposition, aluminium foils are dissolved in hot 
• 

NaOH solution, by removing edges of the deposited film from 
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all sides in order that NaOH may come in direct contact with 

aluminium and can attack it. By this process one gets two 

samples deposited under the same conditions one on each side 

of the aluminium substrate. Thick films in the form of foils, 

25 mm x 80 mm x (5 — 10 wm) are obtained for the purpose of 

X—ray diffractionlcompositional analysis, resistivity measur-

ement and magnitization studies. Outer edges of the samples 

are removed and only inner sample of the size approximately 

(2 x 6 ) cm2 is taken for studies. The samples in the form of 

fdils have been assumed to have the same composition as those 

of thin films deposited on glass for transmission electron 

microscopy study, as the same bath conditions were maintained 

throughout the period of deposition. However, compositional 

analysis indicates that the composition of the especially 

thick samples deposited under same bath conditions differ in 

composition as much as 5/. 

3.2 THE COMPOSITIONAL ANALYSIS 

The following methods are used for the elemental ana-

lysis of Ni—P deposits. 

1. Gravimetric method. 

2. Magnetic Moment Method. 

3.2.1 Gravimetric Method 

Dimethyl-glyoxime method has, been employed for the 

analysis of nickel. The accuracy of the method is 

The nickel is precipitated by the addition of an 

alcoholic solution of dimethyleglyoxime to a hot faintly acid 

nickel salt solution and then rendering the solution ammonical 
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by adding slight excess of aqueous ammonia. The bright red 

precipitate is filtered, washed with cold water, and is 

dried at 383 - 393 K temperature and has been weighed as 

nickel dimethyl-glyoximate. The phosphorous amount is esti-, 

mated to be the difference of the total amount of the sample 

taken. 

The satisfactory analysis for phosphorous in the 

samples for TEM studyis not possible with an accuracy of 

less than 5.0/, as the amount of the sample is very small. 

This is because of the thickness requirement for TEM study, 

which should not exceed approximately 1000 A°. 

.3.2.3 The Magnetic Moment Method 

Following Bagley and Turnbull (23) a magnetic moment 

method hasbeen used to analyze the concentration of nickel 

and phosphorous in the as- deposited samples. The method 

consists in heating the as-deposited Ni-P sample to a temp-

erature more than 675 K for about half an hour. By this 

process Ni--P sample .is transformed into an equilibrium mixture 

of Ni and Ni3P. The amount of nickel present in the equli-

brium mixture in the annealed sample is measured by VSM 

(Ni3P is paramagnetic) and theieby the amount of phosphorous 

and nickel present in the as deposited sample can be esti-

mated .(Table 3.1). 

3.3 THE STRUCTURAL MEASUREMENTS 

The structural study of the samples has been carried 

out using transmission--electron-microscope and X-ray 

diffractometer. 
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The transmission—Electron—Microscope used is model 

EM 400 T/ST with a heating holder attachment PW 6592. 

The general form of the holder is similar to that of 

the other holders for the goni/Teter stage. In this holder 

the specimen is clamped into a small furnace element, which 

is insulated from the holder by zirconium oxide spheres. A 

small heating element is fitted into the body of the furnace 

which is protected by a cover. A thermocouple is insulated 

on to the furnace and the connections for this and the heater 

are carried through the four—channel ceremic tube. A tempera-

ture control and measuring unit is attached with this heating 

holder which contains the current supply for the heater and 

also the circuitory necessary to measure the voltage generated 

by the thermocouple. Thus unlike other workers (Makhsoos 

et.al., (61)ewe had the adventage of precise information of 

the sample temperature at every stage of this study. 

The operating voltage has been kept fixed at 100 KV. 

The electron—micrographs have been taken at magnifications 

from 20,000 to 80,000 and for selected area diffraction 

patterns the camera lengths generally used are 140 mm, 

200 mm, 290 mm and 410 mm. 

The X—ray diffraction study is carried out using 

X—ray Diffractometer model 1140/90 PHILIPS, equiped with a 

scintillation counter. Filtered MoKa radiations (Zr filter) 

have been used. The scanning speeds used are 1°  and 2°  per 

minute. Cu Ka radiations have also been used for certain 

samples for cross checking of angular positions of maxima of 

the X—ray intensity. 
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3.4 MAGNETIC MEASUREMENTS 

Magnetic moment measurements (e m u/gm) are carried 

out on a Foner type Vibrating Sample Magnetometer model 155 

of PrincetOn Applied Research Corporation. 

The specifications are as follows : 

Sensitivity — Apparatus has 5 calibration ranges 

to be used as + 0.01, +:.1 + 1.0, + 10 and + 100 

e m u full scale. 

The minimum detection limit — 0.00001 e m u. 

Absolute Accuracry — Less than 2% 

Reproducibility  — Better than 1;( 

Maximum sample  — 2.5 mm diameter. 
size 

With model 155 VSM, model 151 temperature oven is 

used which allows sample temperatures to be set anywhere in 

the range of ambient to 1050 K. Model 153 cryostat and 

model 152 temperature controller are also available with 

this 155 model in the laboratory for the present study. 

A constant magnetic field of 5 KOe has been applied 

for all the measurements in this study. 

The continuous measurements of the magnetic moment 

with temperature in the range of 77K to 800 K, have been made 

with Omniscribe 2—Channel Recorder model 521.2-14. It is a 

2—channel chart recorder with voltage sensitivity range 

between 0.001V/25 cm to 10V/25 cms in different steps. 

A Chroma1—Alum/1 thermocouple for the temperature 

measurements has been used. 
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The semi—micro METTLER balance model— H 54 R, with 

a resolution of 0.00001 gm, has been used for weigh-Ang the 

samples. 

3.5 THE RESISTIVITY MEASUREMENTS 

A standard four—probe technique has been used for 

the resistivity measurements. For this purpose, the sample 

strips of the typical dimensions (10 mm x 1 mm x 5-10 pm) 

are cut from deposited foils. 

The sample has been weighed on Mettler balance model 

H 54 R with an accuracy of ± 0.00001 gm. The thickness of 

the sample is obtained through weighing a sample of known 

area and using density values as giVen by Cargill (10) 

(table 3.2) for different phosphorous composition of amor-

phous Ni—P samples. 

The electrical resistivity has been measured using 

the setup shown in figure 3.1 in the temperature range of 

300 K to 800 K. A very fine copper wire is used for making 

contacts with the samples, using silver paste. 

A constant current source and 3 and a half digit 

multimeter have been used for the measurement of current, 

the voltage is measured with a microvoltmeter and temperature 

with a, ChromAl—AlumiLl thermocouple. A sheet of mica is used 

as a sample holder. The sample holder assembly is kept in a 

quartz tube, which is evacuated. This resistivity measurement 

set—up is fabricated by the candidate. The electrical connec-

tions and the thermocouple connections are carried out through 

a vacuum seal. The sample holder assembly has been fixed on 

a steel tube of small bore which also serves the purpose of 
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carrying nitrogen vapors. A brass tube is also fitted with 

ihe vacuum coupling, which connects experimental quartz tubeIc 

the rotary pump for evacuation. A heating coil is wrapped 

around the quartz tube for heating the sample to temperat-

ures upto 800 K. Yet another heating coil is wrapped over 

the steel tube to change the liquid nitrogen to vapors and 

also used for raising the temperatures, when necessary, 

from a lower temperature. A photograph of the complete set—up 

is also shown in figure 3.. 

The resistance measurements are estimated to be 

accurate within + 0.1 /. and the overall accuracy in the 

measurements-  of resistivity is only + 10%. This is because of 

the uncertainities in sample geometry. 
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TABLE 3.1 

Magnetic Moment of annealed 
samples (e .m u/g) 

Phosphorous content in the 
sample (at. X) 

40.29 7.32 
38.45 8.20 
36.67 9.07 
34.83 9.94 
33.78 10.45 
33.60 10.54 
33.00 11.64 
31.15 10.79 
29.31 12.49 
28.06 13.07 
27.47 13.32 
25.62 14.15 
24.10 14.80 
23.92 14.89 
23.78 14.97 
21.94 15.79 
20.10 16.59 
18.26 17.40 
16.41 18.19 
14.57 19.00 
12.73 19.76 
10.89 20.54 
9.05 21.31 
7.20 22.07 
6.28 22.45 
5.36 22.89 
3.52 23.58 
1.68 24.32 
0.00 25.00 



TABLE 3.2 RESULTS OF DENSITY MEASUriENENrS FOR l'HE Ni-P 

SAMPLES (Cargill) 

Sample 	(g/cm3) 
(at. 	% Ni) 	as deposited 

73.8 7.727 

76.0 7.791 

77.2 7.801 

78.9 7.930 

81.4 7.999 

84.8.  8.163 

88.8 8.315 
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CHAPTER 4 

THE STRUCTURE OF ELECTROLESS DEPOSITED 

Ni—P ALLOYS: ANNEALING STUDIES 

The early studies, apart from the Brenner's work (12) 

who was the first to deposite amorphous Ni—P, on the structure 

of electrodeposited Ni—P has been of Albert et.al (19), 

Meada (20), Bagley and Turnbull.(23), Cargill III (10) and 

more recent studies are of Makhsoos et.al. (61) and Bakonyi 

et.al (62). On the structure of electroless Ni—P alloys 

relatively less studies have appeared. The earliest study has 

been that of Goldstein et.al. (16) and after some years 

Graham et.al (17). The most significant study on the structure 

and other aspects as well, of electroless Ni—P system has been 

of Simpson and Brambley (46) and A. Cziraki et.al. (26) 

(Bakonyi's group). The work by these and other authors has 

been reviewed in chapter 2. 

Both for electroless as well as for electrodeposited 

Ni—P films, in the case of low phosphorous (upto about 12 at. ./), 

it has been established by these workers that the alloy in the 

as—deposited state is a metastable polycrystalline phase, 

whereas in the case of high—phosphorous (more than 12 at. Y.) 

it is not clear, whether the system in the as—deposited state 

is truely amorphous or just 'looks amorphous'. 

There can be two obvious approaches to resolve whether 

the as—deposited state of Ni—P films with high—phosphorous 

contents is amorphous or microcrystalline with a very small 

A riirc.4- nr-trornnnh ic +h© nCem Ac hierh ract,1114—inn • ,i n ci n 
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dark field transmission electron microscopy studies and 

the observation of crystallites in the untransformed region. 

However, this approach fails to distinguish between amor-

nho,,s and microcystalline states if the crystallite size 

is less than about 30 A0  (Makhsoos et.al., 61). In the 

indirect approach the crystallization behaviour is studied. 

If the as—deposited state of the film is amorphous, then 

crystallization will take place by nucleation and growth, 

while a microcrystalline state will transform to the equil-

ibrium state through a simple crystallite coarsening mech-

anism. However, in the case of unusually large nucleation 

rates, it may be difficult to distinguish between the two 

cases, unless one undertakes a detailed, annealing study as 

the crystallite growth depends both on heating rate and 

annealing temperature. 

In the present chapter we have examined the thin films 

of electroless deposited Ni—P alloys with different P—contents. 

The thin films were subjected to electron—microscopy while 

heating on the stage of the microscope. The transmission-

electron—micrographs and selected area diffraction patterns 

(SAD) of the films with different phosphorous contents were 

analyzed to determine the nature of the as—deposited elect-

roless films. In tLe present study the sample temperature 

was monitored throughout the study on the stage of the 

microscope. Thick electroless as—deposited films were also 

subjected to X—ray diffraction to verify further the results 

of electron—microscopy. The details of the techniques used 

ore Tovivwed in chapter 3. 
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4.1 RESULTS: ELECTRON MICROSCOPY AND X—RAY DIFFRACTION 

The electron microscopy of thin as—deposited elect-

roless films were carried out at ambient temperature to 

characterize its microstructure and selected area diffraction 

(SAD) pattern and the results are reported in 4.1.1 for 

polycrystalline films, in 4.1.2 for microcrystalline and 

in 4.1.3 for amorphous films. These results have been supp-

lemented with the X—ray diffraction patterns of thick as—

deposited films obtained from the baths correspondingly 

used for thin films. 

In section 4.2 the effects of heating the thin films 

in the hot stage of electron—microscope have been reported 

as the induced mode of change which is indicative of the 

nature of the deposits. 

The samples prepared with 20 g/k sodium hypophosphite 

in the bath were found to contain phosphorous ranging from 11 

to 14 at. X on analysis and are referred as sample I. The 

samples deposited with a bath containing sodium hypophosphite 

30 and 40 ga were observed to contain phorphorous ranging 
from 14 to 18 and 18 to 21 at. X, respectively and will be 

referred to as sample II and III. 

4.1.1 Polycrystalline Films 

Fig. 4.1 (a) shows the electron micrograph of as—

deposited polycrystalline film containing 8 — 11 at. 

phosphorous, obtained from a bath containing 15 g/f NaH2P02. 

The microstructur,,,  contains fine crystallites deposited in 

the island formation. In the case of crystalline deposits each 
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island has different orientation leading, to individual grains. 

The selected area diffraction pattern of this film is shown in 

figure 4.1 (b) where one observes Debye rings indicating that 

the film is crystalline and electron beam is incident on many 

crystallites whose sizes are small. The lattice parameter of 

this deposit is a little different from the bulk crystalline 

nickel. 

4.1.2 Apparently Amorphous Films 

Fig. 4.2 (a) shows electron micrograph of as-deposited 

film of sample'I, and figure 4.2 (b) is the'corresponding 

'selected area diffraction (SAD) pattern, which shows two diffuse 

rings and 'a very feeble third diffuse ring. Figure 4.2 (c) 

shows the X-ray diffraction pattern of the same sample I conta-

ining only one peak corresponding to the position of (111) peak 

of nickel which is quite broad. However, the broadening may 

be due to microcrystallinity or due to the amorphous nature of 

the sample. The diffraction pattern also contains two likely 

weak peaks between 29 = 21.0 and 23°. The main peak occurs at 

29 = 20.1°  and the width at half maximum, 629 = 1.2°. 

4.1.3 Amorphous As-deposited Samples 

Fig.4.3 (a),(b) and (c) shows micrograph, SAD and X-ray 

diffraction pattern respectively of the sample containing 

(18 - 21) at. X P (sample III), deposited from a bath contain-

ing 40 g/f NaH2P02. SAD shows only one diffuse ring and a very 

weak outer ring which can not be seen in the photograph. Micro-

graph shows no crystallites in the as-deposited state but the 

indication of island growth still pttsists.The X-ray diffraction 
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pattern shows only one broad halo at 29 = 20.2 with a width 

at half maximum d2G = 3°. 

4.1.4 Films Containing Both Microcrystalline And Amorphous 

Regions 

These films have been deposited from a bath containing 

30 g/f of NaH2P02, sample II,'having P contents in the range 

14 to 18 at. X. Under electron microscope the samples appear 

inhomogeneous, containing regions with microstructures chara-

cteristic of microcrystalline state in some places and of 

amorphous state in other places. The selected area diffraction 

pattern of these regions further confirmed these observations. 

The SAD and micrographs are, however, not shown as these appear 

similar to sample I or sample III. The X-ray diffraction of 

these samplei has been shown in figure 4.4, where one observes 

a broad peak at 20 = 20.4°  with a width at half maximum 

A29 = 2.5°, characteristic of.amorphous state superimposed 

over a relatively sharper peak with smaller intensity on a 

lower 2G side characterizing the microcrystalline state. 

4.2 ANNEALING STUDIES; CHARACTERISATION OF AS-DEPOSITED STATE 

The annealing studies as reported in this section have 

been carried out primarily to distinguish further the nature 

of the as-deposited films which "looks amorphous" i.e., the 

microcrystalline and truely amorphous films. In figure 4.5 (a) 

The micrograph of a sample I heated at 623 K for 2 minutes 

shows a grain structure similar to the crystalline deposits 

as shown in figure 4.1 (a). Figure 4.5 (OW and 4.5 (b)(ii) 
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are SAD's of the same sample heated to and held for 2 minutes 

at 440 K and 623 K. These SAD patterns show a continuous 

sharpening of rings, with the increase in crystallite size as 

the temperature increases; when the crystallites grow beyond 

the spot size of electron beam SAD shows a spot pattern. 

Figure 4.6 (a) and 4.6 (b) are the electron micrographs of the 

sample II heated at 423 K and 613 K for 2 minutes.. It has 

already been reported earlier in section 4.1 that these samples 

are inhomogeneous and the area under examination is truely 

amorphous as indicated by its SAD of as—deposited state. It 

has been evident that the grain structure has not developed at 

423 K ,only some island marks exist due to thickness difference. 

But the same sample when heated to 613 K the transformation to 

crystalline structure has started and grains typical of poly-

crystalline deposits have started appearing. The SAD of the 
at 

sample heatedA613 K is shown in figure 4.6 (c). This SAD 

pattern consists of a superposition of broad diffuse rings on 

the spot pattern. A similar pattern is also observed for the 

sample III containing (18 — 21) at. X phosphorous when heated 

to 618 K and held for 2 minutes as can be seen from figure 

4.7 (a). A relatively no sharpening of diffraction rings was 

observed even though the samples were heated upto 613 K for 

2 minutes. When the samples were heated to 643 K, the spot 

patterns are obtained as shown in figure 4.6 (d) for sample type 

II and figure 4.7 (b) for sample type III containing phosph-

orous in the range (18 — 21) at. X. However,certain regions of 

sample II (14.— 18) at. X phosphorous show SAD after heating 

at 628 K for'2 minutes having sharp rings togather with spot 
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pattern as shown in figure 4.6 (e). X—ray diffraction analysis 

of the two types of samples—microcrystalline and amorphous were 

carried out after heating the samples* for 30 minutes. It can 

he seen from the diffraction patterns for different samples 

that upto 473 K the line broadening in amorphous samples are 

much higher compared to that in microcrystalline samples as 

shown in figure 4.8. But after heating at 573 K for 30 minutes 

both these samples have become crystalline with line width of 

the same order of magnitude. 

4.3 DISCUSSION 

The phosphorous content of Ni—P deposits obtained 

chemically from a bath containing 15 g/' NaH2P02  and having pH 

value around 9 will be below 12 at. X as it has been confirmed 

from the compositions of thick deposits of varying thickness. 

The electron—micrograph and SAD of these deposits show crystalline 

nature of the films as it has been observed by earlier workers 

like Graham et.al. (17), Maeda (20) and Albert et.al. (19). 

However, these deposits are metastable and contain phosphor-

ous in the solution more than the solubility limit. The lattice 

parameter of these deposits are more than that observed in bulk 

pure nickel and it is a function of phosphorous content in the 

samples. The exact determination of phosphorous content in the 

thin film examined under electron—microscope could not be carried 

out because phosphorous content changes with time during depos-

ition due to change in pH (+ 1) and gravimetric analysis could 

be carried only for thick films. Due to this limitation the 

variation of lattice parameter of metastable deposits with 
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phosphorous content could not be reported. The crystallinity 

of the film .is evident also from the fine grain structure 

showing extremely small crystallites. In several regions the 

films are often observed to have uneven thickness irrespective 

of the nature of deposits. 

The deposits obtained by chemical deposition are often 

uneven as shown in electron—micrographs in figure 4.2 (a) and 

4.3 (a). The unevenness appears to result from the details of 

deposition process where the atoms arriving at the substrate 

form islands and covers it by the lateral growth of these 

islands. 

The SAD of the samples I show broad diffuse rings similar 

to SAD obtained from samples containing greater than 18 at. X 

phorphorous but the extent of broadening observed in the latter 

samples are more than those obtained from the former ones. Also, 

the high phosphorous deposits have just one broad diffuse ring 

of reasonable intensity as shown in figure 4.3 (b) along with 

a very feeble diffuse ring but the deposits with 11 — 14 at. X 

phosphorous have two clearly observable diffUse rings along 

with a feeble one as shown in figure 4.2 (b). The sample II 

has some regions showing diffuse rings in SAD like figure 

4.2 (b) and others similar to that shown in figure 4.3 (b). 

The X—ray diffraction pattern from the thick samples 

belonging to different composition classes are quite revealing. 

The samples I show X—ray diffraction peaks which are quite 

sharp when compared with those obtained from samples III as 

shown respectively in figure 4.2 (c) and 4.3 (c). The samples 
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in the intermediate phosphorous range have shown broad X—ray 

diffraction peak along with the relatively sharp ones similar 

to that observed in - figure 4.2 (c) but with a reduced intensity. 

From the disCussion of the evidences from electron 

microscopy, SAD and X—ray diffraction, it appears that the 

samples I is in a state which is distinctly different from 

the state of deposits of samples type III. The samples of 

Intel-Mediate phosphorous'  content is in a mixed state resulting 

from phosphorous segregation. The regions of lower phosphorous 

is in a state similar'to deposits containing 11 — 14 at. X, 

phorphorous and the regions of high phosphorous are in a state 

akin to samples containing more than 18 atomic percent of 

phorphorous. The degree of diffuseness and the number of rings 

in SAD indicate that the samples type I are microcrystalline 

and those with phorphorous beyond 18 at. $ are in truely amor-

phous state. The samples with intermediate phosphorous contents 

have both microcrystalline and amorphous regions. 

The annealing studies have been carried out following 

Bagley and Turnbull (23) to confirm our findings further regar-

ding the state of the deposits with various phorphorous content: 

The diffuse rings in SAD of the sample  shown in 

figure 4.2 (b) become. progressively sharp onheating, as evident 

from figure 4.5 Ui), SAD of the same sample with 11— 14 at. X 

phorphorous heated to 623 K for 2'minutes in TEM. The reduction 

in broadening may be attributed to the lowering of defect 

density and growth of grains. The grain growth is a diffusion 

dependent process and, in principle, it takes place at all 
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temperatures depending on the magnitude of diffusion coefficent. 

Thus, one observes continuous reduction in broadening as the 

sample is progressively heated. The state of this sample is 

therefore microcrystalline and it coarsens to crystalline 

state at elevated temperatures by grain growth. Bagley and 

Turnbull (23) has characterized flash evaporated high phos-

phorous content films following a similar line of argument. 

The diffuse rings in SAD pattern of figure 4.3 (b) 

remains quite diffuse on heating as shown in figure 4.6 (0), 

the SAD of the same sample III heated to 623 K for 2 minutes 

in TEM. In addition there is a spot pattern characteristic of 

crystalline nickel superimposed over it. The co—existence of 

crystalline phase as well as the one characterised by diffuse 

rings indicate that there is a definite transformation process 

going on presumably the crystallization of the amorphous state. 

It is inferred that this is a further confirmation of deposits 

having phosphorous in excess of 18 atomic percent, being truely 

amorphous. 

The broadening of X—ray peaks after heating the samples 

for half an hour at different temperatures as shown in 

figure 4.8 has shown that the microcrystalline state has a much 

less line broadening as compared to that in the amorphous state. 

The reduction in the broadining of amorphous state with temper-

ature upto 473 K may be attributed to a relaxation in the 

amorphous suite. But again the line width from amorphous sample 

la much longer at 473 K, when compared to that Obtained in 

`r\ 3  
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microcrystallines sample. Also, there is a small difference 

in line width obtained at 473 K and 573 K which is indi- 

cative of grain growth even at 473 K. Our results are 

also similar to Makshsoos et. al. (61) conclusions' for 

electrodeposited Ni—P system that 7 and 12 at. X .phOspnorous 

films are microcrystalline and 18 and 22 at. X samples are 

amorphous. 

4.4 SUMMARY 

An examination of'the structure of electroless depos-

ited Ni—P films containing 8 to 21 atomic percent phosphorous 

has been carried out using transmission-electron—microscopy, 

selected area electron diffraction and X—ray diffraction 

techniques., 

A further observation of the films while heating has 

been performed to distinguish the mechanism, development 

of grain structure-- only growth characterising a micro—

crystalline film or nucleation and growth manifested in 

amorphous films. 

The results indicate that the alloys are crystalline 

for a phosphorous content of less than 11 at. X , micro—

crystalline for a phosphorous content of 11 to 14 at. X , 

mixed—microcrystalline and amorphous, for phosphorous 

content of 14.to 18 at. X and amorphous for a phosphorous 

content exceeding 18 at. X . 



LIS.T OF FIGURES 

4.1(a) Electron micrograph of as-deposited polycrystalline 

Ni-P sample containing (8-11) at.% phosphorous. 

b) SAD of the, region shown in fig.4.1(a) 

4.2(a) Electron-micrograph of as deposited state of sample I 

(b) SAD of the region shown in fig.4.2(a) 

(c) X-Ray diffraction pattern of the Ni-P sample 

containing 12 at.% in the as-deposited state. 

4.3(a) Micrograph of a electroless Ni-P sample III in the 

as-deposited state. 

(b) SAD of the region shown in fig.4.3(a). 

(c) X-Ray diffraction pattern of as-deposited Ni-P sample III. 

	

4.4 	X-Ray diffraction pattern of as-deposited Ni-P sample II 

4.5(a) Micrograph of sample I heated at 623 X for 2 minutes. 

(b)(i) SAD of sample I heated at 440 K for 2 minutes 

(ii) SAD of the region shown in fig.4.5(a). 

4.6(a) Electron-micrograph of sample II heated at 423'K for 

2 minutes. 

(b) Electron-micrograph of sample II heated at 613K for 

2 minutes. 

(c) SAD of sample II heated at 613 K for 2 minutes. 

(d) SAD of sample II heated at 643 K for 2 minutes. 

(e) SAD of sample II heated at 628 K for 2 minutes. 

4.7(a) SAD of sampleIII heated at 618 K for 2 minutes 

(b) :SAD of sample III heated at 643 K for 2 minutes. 

	

4.8 	The variation of Full width at half maximum(20) with 

with temperature for amorphous and microcrystalline 

Ni-P samples. 



(a) 

( b ) 
FG.4.1(a) ELECTRON-M1CROGRAPH OF AS-DEPOSITED 

POLYCRYSTALLINE Ni-P SAMPLE CONTAINING 

(8-11) AT. 0/0 PHOSPHOROUS 

(b) SAD OF THE REGION SHOWN IN FIG.4.1(a) 



(a ) 

( b) 
FIG.4.2(a) ELECTRON MICROGRAPH OF AS-DEPOSITED STATE 

OF SAMPLE I 

(b) SAD OF THE REGION SHOWN IN FIG.4.2(0) 
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(Q) 

( b) 

F1G.4.3(a) MICROGRAPH OF A ELECTROLESS Ni-P SAMPLE 

CONTAINING (18-21) AT.°/0 PHOSPHOROUS (SAMPLE 111) 

IN THE AS-DEPOSITED STATE 

(b) SAD OF THE REGION SHOWN IN FIG. 4.3 (a) 
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I I 

FIG.4.5(a) MICROGRAPH OF SAMPLE I, HEATED AT 623 K 
FOR 2 MINUTES 

(b) 
(I) SAD OF SAMPLE I HEATED AT 440K FOR 

2 MINUTES 
(ii) SAD OF THE REGION SHOWN IN FIG 4.5(a) 



(0 ) 

( b) 

FIG. 4.6(0) ELECTRON MICROGRAPH OF SAMPLE II HEATED 

AT 423 K FOR 2 MINUTES 

(b) ELECTRON MICROGRAPH OF SAMPLE II HEATED 

AT 613 K FOR 2 MINUTES 



( c) 

cl ) 

• 

(e ) 
FIG 4,6(c) SAD OF SAMPLE II HEATED AT 613K FOR 2 MINUTES 

(d) SAD OF SAMPLE 11 HEATED AT 643K FOR 2 MINUTES 

(e) SAD OF SAMPLE II HEATED AT 628K FOR 2 MINUTES 



(0 ) 

   

     

 

• 

  

a 

     

     

( b) 

FIG.4.7(a) SAD OF SAMPLE III HEATED AT 618K FOR 2 MINUTES 

(b) SAD OF SAMPLE HI HEATED AT 643K FOR 2 MINUTES 
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CHAPTER 5 

THE MAGNETIZATION AND ELECTRICAL RESISTIVITY 

BEHAVIOUR OF ELECTROLESS AMORPHOUS Ni-P 

This chapter contains results of investigations on 

the magnetic and electrical resistivity behaviour of the 

electroless Ni-P system over the composition range 5 at. X 

to 23.5 at. X phosphorus. The magnetic moment, Curie and 

paramagnetic Curie temperatures and their compositional dep-

endence fOr the amorphous phase is investigated and the nature 

of ferromagnetism of these alloys as a weak itinerant ferro-

magnet is discussed. The results of compositional and tempe-

rature dependence of the electrical resistivity and the 

temperature coefficient of resistivity are presented. The 

resistivity data are observed to show a correlation in their 

behaviour as pointed out by Mooij (65). 

5.1 THE MAGNETIC PROPERTIES : RESULTS 

The magnetic behaviour of amorphous Ni-P system has 

been investigated by many workers such as Pan and Turnbull (47), 

Simpson and Brambley (46), Schneider and Wiesner (48), Berrada 

et.al. (13) and Bakonyi et.al. (15,51) and has been reviewed 

in chapter 2. 

In this section the results of the magnetic measurements 

on amorphous Ni-P system in the composition range of 5.4 at. 

to 23.5 at. X phosphorus using Vibrating Sample Magnetometer in 

the temperature range of 77 K to 400 K is presented. The det-

ails of the method of measurement using Vibrating Sample Magne-

tometer have been discussed in chapter 3. 
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5.1.1 The Compositional Dependence Of The Magnetization 

Fig. 5.1 shows the variation of magnetic moment of 

electroless Ni—P samples with phosphorus concentration 

ranging from 5.4 at. X to 12 at. X . It can be seen from 

the figure, that the magnetic moment of as—deposited films 

decreases with increasing concentration of phosphorus in 

the system. This behaviour is similar to the previous 

findings for the polycrystalline Ni—P films of Albert et.al. 

(19) and Maeda (20). The data of Albert et.al and Maeda have 

also been plotted in figure 5.1 for a comparison. 

The magnetic moment data for electroless Ni—P samp-

les is lower, throughout the phosphorus range studied, as 

compared to the data of Maeda on electrodeposited samples 

containing upto 7 at. X phosphorus and Albert et.al. on the 

samples prepared by electroless, electrodeposition and vacuum 

deposition containing phosphorus upto 9.0 at. X . 

The extrapolated value of magnetization for zero 

phosphorus content compositiOn is about 44 emu/g, while 

the magnetization value of pure crystalline nickel is 55 emu/g. 

The curve cuts the zero magnetization axis at 14.0 at. X phos-

phorus for electrodeposited films. 

Fig. 5.2 shows the variation of the as—deposited magne-

tic moment of Ni—P alloy containing 12.0 to 23.5 at. X 

phosphorus. The magnetic moment, measured at 300 K, decreases 

with increasing phosphorus content from 12 to 17 at. X smoothly, 

similar to the previous observations (Pan and Turnbull (32) 

and Berrada et.al. (13)) for electrodeposited films. At 17 at. X 

phosphorus, the magnetic moment reduces to a small value of 
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0.62 emu/g at 300 K. This amount of magnetization which is 

essentially the paramagnetic contribution, decreases further 

as we increase the phosphorus concentration beyond 17 at. 

and finally becomes zero at about 23.5 at, X . 

Fig. 5.2 also shows the data of Pan and Turnbull for 

the electrodeposited samples having phosphorus content from 

12 to 23 at. X , Berrada et.al. for the electrodeposited Ni—P 

alloys in the concentration range (15 — 25) at. / phosphorus 

and Simpson and Brambley (46) for the electroless deposited 

samples containing 15 at. X phosphorus. It is observed that 

the magnetic moment curve obtained in the present investigation 

is lower throughout the composition range studied, though the 

nature of variation is similar. The extrapolated magnetic 

moment corresporiding to zero phorphorus for the amorphous 

nickel is about 18.5 emu/g. whereas Pan and Turnbull obtained 

a value of 40 emu/g. But Tamura and Endo (49) observed a 

magnetization of 33 emu/g in amorphous nickel. 

In figure 5.3 the variation of magnetic moment with 

the phosphorus concentration in the system for the entire 

composition range from 5.4 at. X to 23.5 at. X phosphorus has 

been plotted. It is clear that the magnetic moment decreases 

more rapidly with phosphorus upto 12 at. X whereas it decreases 

at a much smaller rate in the amorphous region of more than 

12 at. X phosphorus. 

Following the theory of Yamauchi and Mizoguchi (66) as 

discussed in chapter 2, the magnetic moment y of an amorphous 

alloy having the composition Mi_xGx  is given by 



= n x 

55 

  

where M represents 3d transition—metal, which is nickel in 

our case, G represents metalloid element i.e., phosphorus, 

and n is the electrons transferred from metalloid phosphorus 

atom to fill the m holes of the down—spin nickel atom. The 

magnetic moments of the samples under investigation have been 

calculated in amorphous region using the above formula with 

m = 0.6 and n = 3 following Yamauchi-and Mizoguchi and this 

data are also shown in figure 5.3. These calculations give a 

much higher value of magnetic moment than those obtained 

experimentally. However, one should point out that the above 

expression uses 0.6 holes/ atom in the down—spin nickel atom, 

which is the case for f.c.c. crystalline nickel corresponding 

to 57 emu/g, while extrapolated value, for amorphous nickel 

from our data is much lower and is only 18.5 emu/g. 

5.1.2 The Temperature Dependence Of Magnetization 

The temperature dependence of magnetization for the 

Ni—P samples containing 15.0, 16.0, 16.4 and 17.3 at. ./ 

phosphorus in the temperature range 77 K to 400 K are shown 

in figure 5.4. The Curie temperatures of these alloys have 

been estimated by extrapolating the corresponding curves to 

zero magnetization. As can be seen from the figure, the values 

Tc comes out to be 398, 318 and 283 K for the samples having 

phosphorus content of 15, 16 and 16.4 at. X respectively. The 

sample containing 17.3 at. X phosphorus exhibits a small value 

of magnetization, even .at a field of 5 KOe and temperature 77 K 

and is essentially paramagnetic.The extra.polated values of 

magnetization to zero K are estimated to,be 3.95, 2.75, 1.90 
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and 0.92 emu/gm for the samples containing 15.0, 16.0, 16.4 

and 17.3 at. X phosphorus respectively. 

Simpson and Brambley (46), for their electroless Ni—P 

samples containing 15 at. X phosphorus, estimated a Curie 

temperature'of 390 K by extrapolation, our value is 398 K. 

Pan and Turnbull (47) studied Ni—P alloys prepared by electro-

deposition technique and obtained a much lower Curie temper-

ature of only 190 K for a sample containing 15 at. X phosphorus. 

However, they employed an elaborate and accurate method of 

thermodynamic parameters. The high values of Tc  obtained by 

extrapolation of the present data may be due to partial crys-

tallization of our samples as pointed out by Pan and Turnbull. 

Schneider and Wiesner (48) also made experimental study of 

rapidly quenched Ni—P alloys and estimated Curie temperature 

of Ni—P samples containing 15 at. X phosphorus, to be' 

(513 + 10) K which is even higher than the value estimated in 

the present investigation for a sample of the same composition. 

In figure 5.5 the temperature variation of suscepti-

bility.and (susceptibility)
-1 

for the sample containing 16.4 

at. X phosphorus in paramagnetic region have been shown. By 

extrapolating the linear portion of the inverse susceptibility 

curve to the temperature axis, the paramagnetic Curie temper-

ature for the sample comes out to be 432 K. The paramagnetic 

Curie temperatures for the samples containing 15 and 16.00 

at. X phosphorus employing the same technique (not shown in 

the figure) are estimated to be 498 K and 469 K respectively. 

The values of T obtained by Pan and Turnbull are much lower. 
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Fig. 5.6 shows the dependence of the Curie temperat-

ures and paramagnetic Curie temperatures of the amorphous 

samples on composition for the phosphorus contents ranging 

from 12 to 17 at. X . The Curie temperature as well a para-

magnetic Curie temperatures decrease with increasing phos-

phorus contents. 

Fig. 5.7 shows the corresponding state curves for two 

amorphous Ni-P samples containing 15 and 16.4 at. X phosphorus 

and that of pure crystalline nickel for comparison. The extra-

polated magnetization values, characterizing the amorphous 

state, corresponding to a given temperature, has been plotted 

when the samples are observed to crystallize below the curie 

temperature. Both the amorphous samples, as expected, show 

similar corresponding state curves and these are less flat 

compared to the curve for pure nickel. In other words the nor-

malized magnetization reduces initially at a relatively faster 

rate with reduced temperature in the amorphous state as compared 

to that in crystalline nickel. The curves for amorphous alloys 

fall below to that of the crystalline nickel. Harris et.al. 

(67,68) have explained this lowering by a random distribution 

of local anisotropy field but Handrich (69,70) attributes it 

to a distribution of exchange integral arising out of struct-

ural fluctuations in the amorphous alloys. 

5.2 DISCUSSION 

The results show that the electroless deposited amor-

phous Ni-P system displays rather weak ferromagnetism. In 

electrodeposited Ni-P system (47) and in general for metallic 

glasses it is usual that, though poor conductors, yet their 3d 
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electrons are just as itinerant as in a crystalline transition 

metal alloys. 

Following the criteria of Rhodes and Wohlfarth (45) 

discussed in chapter 2, the estimate of (qc/qs) comes out 

to be 7 (where qc  is the number of carriers per atom deduced 

from Curie—Wtiss constant and qs  is the number of carriers 

deduced from saturation magnetic moment at zero K for 16.4 

atomic percent phosphorus sample confirming the itinerant 

nature of the weak ferromagnetism for the electroless samples. 

Also, Tc  has been been estimated for this sample using the 

relation of Edwards and Wohlfarth (71) for weak ferromagnet, 

a(H,T)2  = (1(0,0)2  L1—(  T/Tc)2  + 2X1.0 	 

where, a(H,T) is the magnetization at field H and temperature 

T, a(0,0) is the extrapolated value of magnetization at zero 

field and 0 K temperature, y0  is the susceptibility at 0 K 

and taken to be 0.7 x 10-4 emu/g/Oe. The value of T calcul-

ated in this way is 134 K, and it is quite low as compared to 

an estimate of 283 K for this sample from the magnetization 

versus temperature graph (Fig. 5.2). But it is close to the 

value of Tc of 125 K obtained by Pan and Turnbull (47) and 

that of about 140 K of Berrada et.al. (24). The simple extra-

polation of the initial portion of the magnetization versus 

temperature curve to get Tc, as done in this work, yields a 

higher value of Tc  due to high value of susceptibility that 

contributes to the observed magnetization near Tc  and the 

partial crystallization which exists at this composition for 

the Ni—P system as discussed in chapter 4., The situation is 

further complicated by the strong tendency of nickel atoms to 



59 

precipitate and segregate and its contribution in the vicin-

ity of ferro to paramagnetic transition as pointed out by 

Bakonyi et.al. (15). The paramagnetic Curie temperatures for 

these samples are higher than the corresponding Curie temper-

atures by about 100 K or more. Such large differences between 

para and ferromagnetic Curie temperatures are unusual in cry-

stalline ferromagnetic materials and this, broadly speaking, 

points out to the fact that in amorphous ferromagnets the 

short range magnetic order is strong relative to long range 

order..  

Berrada et.al. (13) conclude that electrodeposited 

Ni—P alloys in the phosphorus concentration range 15 to 18 at. */ 

are nearly weak homogeneous ferromagnets but beyond 18 at. 

phOsphorus alloys the nickel—rich inhomogenities become impor-

tant. The present investigation shows that there are extreme 

inhomogeneities in electrodless Ni—P sample, leading to the 

co—existence of microcrystalline and amorphous state in the 

composition range between 14 to 18 at. X phosphorous. As a 

result these samples are in a mixed magnetic state leading to 

a high observed Tc. The weak ferromagnetism of nickel phos-

phorous metalloid alloys, immediately before the disappearance 

of the ferromagnetism, has recently also been pointed out in 

a series of papers by the group of Bakonyi et.al. (43,44,51) 

and confirmed by the theory of Malozemoff et.al (72). 

5.3 ELECTRICAL RESISTIVITY:RESULTS 

The most important early investigation of the electrical 

resistivity of electrodeposited amorphous Ni—P system has been 
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reported by Cote (14) and Cote and Meisel (57). It was Pai 

and Marton (18) who first reported resistivity and structural 

measurements on electroless Ni—P films. The other investi-

gations are of Berrada et.al. (13) on electrodeposited and 

recently on both electrodeposited and chemically deposited 

Ni—P alloys by Bakonyi's group (62). The resistivity behaviour 

of amorphous metallic alloys in general can be understood by 

Ziman's theory extended by ;,Evans et.al. (73) and Nagal and 

Tauc (74) and applied to Ni—P alloys by Cote and Meisel (57). 

The work is briefly reviewed in chapter 2. 

This section presents the results of electrical resis- 

tivity measurements using the d.c. four probe method on elect-
. 

roless Ni—P system from 11.0 at. X to 21.5 at. X phosphorus 

in the temperature range of 120 K to 400'K. The measurements at 

temperatures higher than 400 K relate to the crystallization, 

behaviour of the system and are presented in chapter 6. The 

details of the measurement set—up are presented in chapter 3. 

The results are,broadly speaking, similar to that for 

electrodeposited Ni—P•system although the present data are 

in somewhat restricted range of phosphorus composition as well 

as temperature. The system is observed to show a correlation 

between resistivity p and the temperature coefficient of resis-

tivity (TCR) as first reported by Mooij (65), and a quadratic 

temperature and then a linear temperature dependence of the 

resistivity in the temperature range studied. 

5.3.1 The Compositional Dependence Of Resistivity And TCR 

The variation in resistivity 	and the TCR at 300 K with 

the phosphorus composition for the electroless Ni—P system in 
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their as—deposited state is shown in figure 5.8 and figure 

5.9 respectively. Table 5.1 gives our values of P and TCR at 
300 K for different phosphorus composition. In the graphs 

also included are the data of Cote (14) on electrodeposited 

Ni—P system and of Boucher (53) on quenched (Nie Du d,—) 
100—xP  

5 	
x 

alloys for a comparison. 

In figure 5.8, the resistivity can be seen to increase 
from a value of 71 pflcm at 11.0 at. X phosphorus to a value 

of 187 µL1 em at 21.5 at. X phosphorus and thus follows..the 

trend of the data of Cote as well as Boucher of first a slower 

increase and then a rapid one at about 19 at. X phosphorus. 

Our values are somewhat lower than of. Cote. It is usual that, 
due to increased disorder the resistivity of amorphous system 

has a much higher value compared to corresponding crystalline 

alloys and that it also shows the feature of increase in 
resistivity with the increasing metalloid concentration (75). 

As can be seen from table 5.1, in the microcrystalline region 

of (11-147— t. X75hosphorus the resistivity values are lower 
than 100 p ohm cm but it attains a value of 101 p ohm cm at 

15.4 at. X phosphorus, which is a composition at which both 

amorphous as well as microcrystalline regions are present in 

the structure (chapter 4). 

The temperature coefficient of resistivity (TCR) is 

also seen to gradually decrease to a value of 12x10-5/K at 
21.5 at. X phosphorus. The values of TCR obtained in the 
present study are higher than that given by Cote on'electro- 
deposited samples. Although the samples of suitable size have 

not been available for resistivity measurements beyond 21.5 at. X 
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phosphorus, extrapolating the present data,TCR is expected to 

become negative beyond 23.5 at. X phosphorus, whereas Cote 

gives a value 23.0 at./. phosphorus for this transition. The 

much higher value of 55 x 10
-5

/K for samples with phosphorus 

less than 14 at./ points again to their microcrystalline 

nature. The effective valence C
1
Z
1 
+ C

2
Z
2 

for the transition 

from the graph is 1.56, where C is the concentration and Z is 

the valence of the alloy components; nickel is assumed to 

have a valency Z2  as 0.5 electrons per atom and phosphorus 

has a valency Z1  as 5 electron per atom. 

Mooij (65) analyzed the transport data of a large number 

of crystalline as well as disordered alloys of transition met-

als and observed the correlation that the temperature depend-

ence of the resistivity is lost as r approaches 200 p ohm cm 
irrespective of whether the origin of the temperature dependence 

is disorder or electron phonon scattering and that apart from 

these saturation effects, the temperature coefficient of res-

istivity becomes negative for alloys with P of about 150 p ohm 

cms. In figure 5.10, the variation of the TCR with resistivity 
• 

P has been shown at different compositions and temperatures. 

Although the present data does not extend upto negative values 

of the TCR, and there are no samples with 130 p ohm cm to 

180 p.acm resistivity values in this study, one can clearly 

observe that samples with higher resistivity values have lower 

temperature coefficients. 

5.3.2 The Temperature Dependence Of Resistivity 

-Fig. 5.11 and figure 5.12 show the results of resist-

ivity variation with the temperature in the range of 120 K to 

400 K for phosphorus composition from 11.0 at. X to 21.5 at. X . 
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In figure 5.11, the resistivities of Ni—P samples of 11.0 

at. X and 20.6 at. $ phosphorus is plotted in the range of 

120 K to 280 K with T2 and figure 5.12 is the plot of resis-

tivity with T for-the samples with phosphorus content 11, 

13.8, 15.4, 18.8, 19.7 and 20.6 at. X in the temperature range 

of 280 K to 400 K. It can be seen that the plots are approxi-

mately linear with T2  in the range from 140 K to 280 K and 

with T in the range from 280 K to 400 K. In the figure 5.12, 

one also notices a decreasing slope with temperature with 

increasing phosphorus content, as expected, since there is 

an overall decrease of TCR with increasing phosphorus. Rapp 

and coworkers (76) observed for the metglass 2826 and 2826 B 

such a proportionality ofrwith T2 beyond the region of 

resistivity minima.Such a behaviour was also observed by 

Maitrepierre (77) in the study of amorphous Ni—Pd—P alloys 

prepared by rapid quenching in the low temperature range. 

Hasegawa (78) studied amorphous alloy of composition 

(Fe100—xNix)75P15C10 with x changing from 0 to 50 and found 

that in the low temperature range, a T2  dependence followed 

by a linear T dependence, observed above a temperature To  in 

the range of 150 K to 240 K. Cote and. Meisel (57) applied 

Evans modification of Ziman liquid metal theory to amorphous 

and disordered crystalline alloys to explain this behaviour 

i.e., quadratic temperature dependence at low and linear 

temperature dependence of resistivity at higher temperature. 

5.4 DISCUSSION 

Our results of electrical resistivity measurements on 

electroless amorphous Ni—P system below its crystallization 

temperature may be discussed in the light of broad features 

shown by amorphous transition metal—metalloid. 
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The features are :- 

(i) Due to increased disorder, they show a rather 

large resistivity in the range of 100 4 ohm cm 

to 200 4 ohm cm. Our samples in the composition 

range of 15 at. X phosphorus attain a value of 

100 4 ohm cm (less than 14 at. X phosphorus is 

the microcrystalline region) and the sample 

with 21.5 at. X phosphOrus exhibits a value of 

about 185 4 ohm cm. 

(ii) The resistivity increases with the increasing 

metalloid concentration. An almost doubling of 

the magnitude of resistivity has been observed 

with an increasing metalloid content, phosphorus. 

(iii) The temperature coefficient of resistivity is 

smaller compared to the crystalline alloy of 

the same composition. The value of TCR obtained 

for 21 at. X.phosphorus sample is 12 x 10-5/K 

pncm  with that for the crystalline phase 

4 x 10 3/K as can be seen from cooling curves, 

discussed in chapter 6. 

(iv) A transition may occur from a positive TCR to a 

negative value as the concentration of phosphorous 

increases. In this investigation a decrease of 

TCR from 52 x 10-5/K to 12 x 10-5/K has been 

observed as the phosphorus concentration is raised' 

from 11.0 at. X to 21.5 at. X and by extrapolation 

it is expected to become negative beyond 23.5 at. X 

of phosphorus. 
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(v) One observes a correlation between P and TCR 

(Mooij's correlation) and a limiting resist-

ivity at high temperature. This limiting res-

istivity is believed to result when electron 

mean free path equals the inter-atomic distances 

as the disorder cannot reduce the mean free path 

any further. Mooij correlation has also been 

observed in nobleecruialkali metals alloys that 

have relatively low resistivity.The'plot of r 

with TCR confirms the Mooij observation for 

electroless Ni-P samples as well. 

(vi) A positive TCR for alloying a monovalent with 

a multivalent element is expected upto effective 

conduction electron concentration of about 1.5 

and a negative TCR from 1.5 to 2. In the present 

study the transition is observed to occur at 1.56. 
eirtz 

(vii) Following Cote and Meisel expects a quadratic 

temperature dependence followed by a linear 

temperature dependence of the resistivity. The 

present data, though only on two samples for 

lower temperature range, shows 72  dependence in 

the temperature range 140 K to 280 K and a T 

dependence in the range from 280 K to 400 K. At a 

still lower temperature range a resistivity minima 

(13) is observed. However, the present investi-

gation does not extend to that range of temperature. 
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5.5 SUMMARY 

The magnetic and electrical resistivity behaviour of 

the electroless Ni—P system over the compositional range 

5 at. X to 23.5 at. X phosphorous and a temperature range of 

77 K to 400 K has been investigated. 

The sam;)les are found to be weak itinerant ferromagnet 

with strong short range order. The magnetic moment is observed 

to decrease with increasing phosphorous, first more rapidly 

and then less and to go to zero (by extrapolation) at 17.5 at. X. 

The Curie and paramagnetic Curie temperature also decrease with 

increasing phosphorous. The normalized magnetization is found 

to decrease at a relatively faster rate with reduced temper-

ature in the amorphous state as compared to crystalline phase. 

The resistivity is found to increase from an initial 

value of 71 un.cm to 187 11§1cm at 21.5 at. X. 

The TCR is seen to decrease to a value of 12 x 10-5/K 

with increasing phosphorous and 23.5 at. X is the extrapolated 

value at which TCR is to become negative with the effective 

value of valence as 1.56. 

As pointed out by Mooij higher resistivity samples are 

found to have linear TCR. In the temperature range 140 K to 

280 K the resistivity variation is observed to be linear with 

T
2 

and linear with T in the temperature'range 280 K to 400 K. 
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TABLE 5.1 

ELECTRICAL RESISTIVITY (F) ) AND THE TEMPERATURE COEFFICIENT 

OF RESISTIVITY (a) OF ELECTROLESS Ni—P SYSTEM' 

Alloy Composition 300 K 
(pilcms + 20) 

g- 
a=  OT T=300 K rr 

( 10-5  K-1 ) 

   

Ni
.89 

P.11 

Ni.86 P.14.  

Ni.85 13.15 

Ni.81 P.19 

Ni  .80 .80  .20 

Ni.79 P.21 

Ni.78 P.22.  

71 

79 

101 

109 

120 

128 

187 

.53 

58 

31 

22 

19 

12 

12 
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CHAP 1' E R 6 

ANNEALING BEHAVIOUR OF ELECTROLESS Ni-P SYSTEM 

Metallic glasses or Amorphous Alloys are 

thermodynamically unstable and transform spontaneously' 

to stable phases above the crystallization temperature. 

The driving force is the free energy difference between 

the amorphous phase and the corresponding stable phase 

or phases. The transformation takes place by nucleation 

and growth. 

There are three different modes by which 

crystallization may take place: (i) polymorphous 

crystallization where there is no redistribution of 

atomic constituents, (ii) eutectic crystallization 

where two crystalline phases grow out of the amorphous 

phase in a coupled manner, and (iii) primary crystalli-

zation, where solutes are rejected from the growing 

crystals into the amorphous phase. However, the 

transition metal-metalloid system generally crystallizes 

through a sequence of metastable phases to its final 

stable phase. The steps involved in the crystallization 

of Ni-P amorphous alloys are still shrouded in mystry. 

Many investigators (28, 62, 79) took it up recently 

but consensus is yet to emerge. The' crystallization 

behaviour of electroless Ni-P alloy is thus eminently 
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suitable for our investigation. The present chapter gives 

an account of our results and discusses the similarities 

or differences of our results with those obtained by others. 

6.1 ANNEALING STUDIES USING HOT STAGE ELECTRON-MICROSCOPY 

AND X-RAY DIFFRACTION: RESULTS 

The Ni-P films containing above 18 at % of phosphorous 

has been found to be amorphous as 	has been reported in 

Chapter-4. These films have been 'subjected to heating in 

the hot stage of electron-microscope and the changes in 

the microstructure have been noted. In order to under-

stand the precise nature of the changes taking place at 

a given temperature, X-ray diffraction analysis has been 

carried out after heating the samples at that temperature 

in a furnace. 

6.1.1 Hot Stage Electron-Microscopy: 

Fig.6.1 shows the microstructure of the electroless 

Ni-P film containing about 20 at % phosphorous as it is 

heated from ambient temperature to 673K. The structure 

of the as-deposited film shown in fig.6.1(a) does not 

reveal any other detail than uneven thickness resulting 

in a film formed by lateral growth. of islands. When* this 

film is heated to 423K, and held for two minutes the 

thickness tends to become uniform and the thicker islands 

come out clearly in contrast as shown in fig.6.1(b). In 

addition there appears to be some change taking place in 



69 

the film which could not be clearly identified. When the 

film is further heated to 618K and held for 2 minutes one 

can clearly observe small crystallites formed in the film. 

On further heating to 673K and holding for 2 minutes the 

film appears to have become polycrystalline with a large, 

grain size and dark precipitates of nickel phosphide have 

appeared, as shown in fig.6.1(c) and 6.1(d). 

.The changes in SAD pattern during continuous heating 

of the sample whose micro-structures are in fig.6.1(a) 

have been shown in fig.6.2(a) to 6.2(e). The SAD pattern 

of the as-deposited amorphous sample has been reproduced 

in fig.6.2(a) for the purpose of comparison. When the 

sample is heated to 423K the outer feeble diffuse ring 

of the as-deposited sample becomes a little more intense 

as shown in 6.2(b) but there are no three rings pattern 

characteristic of microcrystalline state or sharp diffrac-

tion rings or spot pattern indicating the onset of 

crystallization process. The sample when held at a higher 

temperature of 573K for 2 minutes, one observes'co-existence 

of crystalline and amorphous state as observed in fig.6.2(c) 

but there had been no phosphide formation as yet. On 

heating to a still higher temperature of 618 K, one observes 

phosphide precipitation along with crystalline nickel 

but the, process of crystallization is not yet complete as 

indicated by the presence of amorphous phase as also shown 

by the diffuse rings in fig.6.2(d). When the sample 
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is heated to 643K and held for 2 minutes, one finds that 

the crystallization has completed and phosphides have 

also formed. There are no diffuse rings and only spot pattern 

is obtained as shown in fig. 6.2 (e). 

6.1.2 -X-RAY Diffraction Studies 
To confirm the changes taking place in the film 

as in d icated by the SAD patterns, X-ray diffraction 

pattern has been taken for the amorphous Ni-P films heated 

at different temperatures for 30 minutes. The X-ray 

diffraction patterns :care shown in fig.6.3(a). After half 

an hour heating at 473K, there is precipitation of alinost 

pure crystalline nickel with the main peaks corresponding 
0 

to d= 2.024 and 1.76A,When heated at 573K, three additional 

lines appear at d=2.15, 1.93 and 1.812A!The appearance of a 

peak at d=1.812 indicates that there might be the 

formation of 
Ni7P3 at intermediate temperatures but at 

673 K the diffraction lines are those of Ni3P and nickel. 

However the intensities of Ni
3
P do not match with the 

theoretical calculation made by Makhsoos et.a1(61). To 

compare it with the changes taking place in microcrystalline 

films the X-ray diffraction patterns of a sample containing 

12 at % phosphorous after. heating it to.473 and 673 K have 

been shown in fig.6.3(b). At 473 K the diffraction lines 

of nickel are becoming sharper but at 673 K one observes 

additional lines for Ni
3
P. 
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6.2 THE ANNEALING STUDIES USING VSM: RESULTS 

The appearance of crystallization is clearly detected 

from the magnetization vs temperature measurements. Different 

metastable phases at different temperatures can be seen from 

a continuous recording of magnetic moment with temper- 

ature. The crystallization of amorphous Ni-P alloys seems to 

progress through the formation of one or more new metastable 

crystalline phases as the material progresses towards the 

equilibrium during the annealing treatment. A very large 

number of new'metastable crystalline. structures may thus be 

generated by annealing an amorphous alloy of fixed composition. 

In this section the results of a study of the annealing 

behaviour of electroless amorphous Ni-P alloys containing 

phosphorous from 5.4 to 23.5 at % have been reported. The 

annealing behaviour of polycrystalline electroless samples 

containing phosphorous upto 12 at % is presented in section 

6.2.1, while the same for amorphous samples having phosphorous 

contents above 12 at % is given in section 6.2.2. 

6.2.1 The Annealing Behaviour of Magnetization of Polycrysta- 

lline Ni-P system 

Fig.6.4 shows the change in magnetization of Ni-P 

samples, containing phosphorous (a) 5.4 (b) 8.7,(c) 9.9 and 

(d) 12 at %, with temperature in the range of 300 K to 800 K. 

The magnetization decreases continuously with tempera- 

ture for all these four samples. However the sample containing 

12 at.% phosphorous shows a slight increase in magnetization 

at two intermediate temperatures before the magnetization 

finally reduces approximately 	to zero at about 700 K. In 

the as-deposited samples magnetization at room temperature 
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steadily decreases from 27 ernu/g ( for 5.4 at.% phosphorous 

sample) to 6.25 emu/g ( for a sample containing 

12 at.% phosphorous) as the phosphorous content increases. 

The cooling curves in all the cases rise at about 	of 

crystalline nickel (631 K), which are almost identical 

in shape. The final values obtained after cooling to room 

temperature are . 45.5,.37.5, 35 and 31.2 emu/g respectively. 

for samples (a)4(b), (c) and (d) respectively. 

The systematic decrease in the final value of 
• 

magnetization when the sample is cooled to room tempera-

ture is due to the decreasing content of crystalline 

nickel in the equilibrium mixture of Ni + Ni3  P which is 

formed when the samples are heated beyond about 630' K. 

However, the temperature at which the transformation to 

equilibrium takes place has also been observed by 

the change in resistivity with temperature, i.e., the 

resistivity vs. temperature curve always show a 

sudden change in resistivity at all compositions of 	the 

sample right from 5.4 at.% phosphorous to 21.5 at.% 

phosphorous(the whole composition range studied) i.e.for 

samples containing less than 12 at.% as well as more 

than 12 at .% phosphorous at the temperature of formation 

of equilibrium phase. 

6.2.2 The Annealing Behaviour of the Magnetization Of 

Amorphous Ni-P System 

The Ni-P samples containing more than 12 at .% 



/3 

phosphorous have been observed to contain amorphous phase 

as evident from the studies under electron-microscope 

and X-ray diffraction reported in chapter 4. It is further 

confirmed by the magnetization studie s with temperatures, 

indicating some signifi cant changes in the trend observed 

in sample containing 12 at.% phosphorous from those 

containing lesser phosphorous, but it was not clear enough. 

However, the onset of this new behaviour has been associated 

with the presence of amorphous phase and its crystalli-

zation. In this section,the observed changes in magnetization 

with - temperature in different samples containing greater 

than 12 at .% phosphorous have been reported togather 

without distinguishing the samples in a mixed micro-

crystalline-amorphous states from those in fully amorphous 

state. But it should be remembered that the extent of 

crystallization observed in a. sample of mixed state 

will depend on the amount of amorphous phase. 

Fig.6.5(a) and 6.5(b) show the magnetization vs 

temperature behaviour of Ni-P samples containing (a) 13.0 at 

.% and (b) 15.0 at .% phosphorous respectively in the 

temperature rangeof.300 K to 800K . The slight increase in 

magnetization observed at intermediate temperature in the 

12 at.% phosphorous sample, can now be clearly seen as two 

broad peaks in the temperature range (460 K-620K) and 

(6'30 K-700K) in 13 at .% phosphorous sample and (480K-580K) 
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in the 15 at.% phosphorous sample. The cooling curves are 

not shown. Samples (a) and (b) give values 28.5 and 23.5 emu/g 

respectively, when cooled to room temperature. 

Fig.6.5(c) and 6.5(d) shows the variation of magneti-

zation with temperature containing 16.4 at .% and 17.2 at .% 

phosphorous respectively in the temperature range of 300K-800K. 

The two peaks in magnetization can still be clearly seen in 

both these figures but initial magnetic moment of the 

as-deposited sample has now been decreased to a small para-

magnetic vallie of 0.6 emu/g in the sample containing 17.2 at 

,% phosphorous,. Cooling curves are not shown in the figure, 

however, the magnetic moment values, for the two samples 

containing 16.4 and 17.2 at .% phosphorous, are 20.5 and 

18.75 respectively, when cooled to room temperature. 

Fig.6.5(e) and 6.5(f) show the change in magnetization 

with temperature in the range of 300 K to 800 K for Ni-P 

samples having 19.7 and 20.3 at. ,% phosphorous respectively. 

In the former sample the two peaks appearing have come 

relatively closer, while in the latter sample with 20.3 at 

,% phosphorous, the second peak has become higher than the 

first one. Cooling curves are not shown; the magnetic 

moments of the samples containing 19.7 at ,% and 20.3 .ia.t.% 

phosphorous are 12.9 and 11.1 emu/g respectively, when cooled 

to room temperature. 

Fig.6.6 shows the magnetization behaviour of a 

non-ferromagnetic sample with 23.5 at .% phosphorous carried 
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out in the temperature range of 300 K-800K. The sample 

magnetization at 300 K ( room temperature) in the 

as-deposited state is 0.006 emu/g at a 5 K Oe magnetic 

field, and displays only one hardly observable peak in 

the temperature range of 600 K - 690 K. The appearance 

of a single peak can be explained on the basis of only 

one phase transformation and the amorphous phase is 

stabilized upto a temperature of about 590 K; after which 

the sample. passes over to the mixture of equilibrium phases 

of Ni + Ni
3 
 P at about 620 K, without going through any 

non-equilibrium intermediate transition. The temperature 

range over which Ni + Ni3P formation takes place and the 

height of the magnetization peak depends upon the rate of 

heating. 

Annealing behaviour of Ni-P samples containing phos-

phorous from 12 to 23.5 at.% is shown in fig.6.7 on the same 

graph for the purpose of comparison, but the 	behaviour 

during cooling is not shown. As in the case of samples with 

less than 12 at .% phosphorous (Fig.6.4), the magnetization 

of the samples in the as-deposited state, decreases 

continuously from 6.2 to 0.006 emu /g with the increase of 

phosphorous. The samples are paramagnetic in their as deposi-

ted state with phosphorous content of 17.2 at .% and above.  

The peaks in magnetization which are first visible in the 

sample of 12.0 at .%, phosphorous becomes more prominent, 
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and as two distinct peaks in the intermediate phosphorous 

range; but with increasing phosphorous content these 

peaks come closer and finally merge into a single peak, 

which almost disappears as the phosphorous content reaches 

23.5 at.. %.P. 

The change in room temperature magnetization in Ni-P 

sample containing 15 at .% phosphorous when the samples 

were cooled from intermediate temperatures before the 

completion of equilibrium transformation are shown in 

fig.6.8(a). At the first step, the samples which had initial 

magnetization of 2.76 ema/g at 300 K is heated from 300 K 

to 460 K and then cooled to room temperature (300 K) with 

magnetization value rising to 4.75 eml/g. At the second 

step the sample is heated from 300 K to 525 K with magneti-

zation dropping to 0.7 emir/g. The sample is then cooled 

to room temperature with the magnetization value 9.25 

emu/g. At the third step the. sample was heated from 300 K 

to 568 K and cooled again to temperature 300 K with 

magnetization value 12.5 emu/g. Finally the sample was 

heated from room temperature to 810 K where the magneti-

zation has dropped to 0.05 emu/g. On cooling to room 

temperature, the magnetization value finally increases to 

23.25 emu/g. 

The heating has been carried out at the same rate of 

4.6 K/minute at all steps. 
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Fig.6.8(b) shows the similar change in room tempera-

ture magnetization of Ni-P sample containing 17:2 at .% 

• phosphorous when cooled from intermediate temperatures. At 

the first step, the sample which had a initial magnetization 

of.0.595 at room temperature, has been heated to 484 K and 

is then cooled to room temperature, i.e. 300 K with magneti-

zation value increasing to 1.85 emu/g. At the next step the 

sample is heated from 300 to 536 K with magnetization dropp-

ing to 0.41 emn/g. The sample was cooled back to 300 K when 

magnetization is measured as 4.3 emx/g. At the third step 

the sample heating is done from 300 K to 585 K, the magneti-

zation value is just, at the verge of increasing from lowest 

point, 0.48 emu/g.This sample on cooling to room temperature 

exhibits 8.54 emu/g magnetization. At the fourth step the 

sample heating has been done, upto 614 K, with the magneti-

zation value  dropping to 0.3 emu/g, while the sample when 

cooled to room temperature gives magnetization value 15 emu/g.,  

Finally the sample is heated from 300 K to 746 K with magne-

tization value only 0.27 emu/g and on cooling to room 

temperature again rises to a large value, i.e. 20.80 emu/g 

in this sample. The magnetization vs temperature behaviour of 

Ni-P sample containing 19.6 at.% phosphorous has been shown 

in fig.6.8(c) when the sample was cooled from several 

intermediate temperatures. At the first step, the sample 
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which is initially paramagnetic at room temperature, 

was heated to 495 K, but the sample remained 

non-magnetic. The sample was then cooled to room tempera-

ture, with an almost zero value of magnetization. It 

indicates that there has been no change in the non-ferro-

magnetic amorphous state of the sample. At the second step, 

the sample heating is done from 300 K to 570 K, the sample 

shows a magnetization of 0.60 emu/g. This sample when cooled 

to room etemperature shows a magnetization of 3.11 emu/g. 

At the third step the sample is heated from 300 K to 600 K, 

the magnetization is reduced to 0.30 emu/g. The sample, on 

cooling to room temperature, shows a magnetization of 8.80 

emu/g. The rate of heating of the sample is kept constant 

at 4.6 K/minute. 

The increase in magnetization of the sample with 

phosphorous content 21 at.% when cooled from intermediate 

temperatures has been shown in fig.6.8( 3). At the first 

step, the sample is heated from 300 to 570 K, the initial 

magnetic moment, which was about zero, remains the same. 

The sample on cooling to 320 K gives a magnetization value 

of 0.27 emu/g. At the second step, the sample heating is 

done upto 618 K starting from 320 K, with magnetization value 

decreasing to 0.08 emu/g. When the sample is cooled from 

618 K to 300 K, magnetization increased to 6.8 emu/g. 

Finally the sample is heated to 800 K, giving 0.085 emu/g 
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magnetic moment and when cooled to 320 K again, the 

magnetization increases to 10.30 emV/g. The rate of heating 

was kept constant at 4.6 K/minute. 

The variation in temperatures T
f1 

and T
f2 at which 

the first and second magnetic peaks have been observed 

respectively with an increase in phosphorous content is shown 

in fig.6.9. Tfl 
may be identified as the temperature at which 

amorphous phase starts to undergo an intermediate reaction. 

Tf2 may be related. to the temperature at which the formation 

of equilibrium phases starts. Tf1  although has a tendency 

to increase with increasing phosphorous contents but 

essentially remains constant upto about 17 at.% phosphorous. 

Beyond this level Tf1 appears to rise more abruptly. The 

amorphous phase appears to remain stable upto•about 443 K- 

473Yin samples with upto 17 at.% phosphorous but remains 

stable even upto 503 K when phosphorous content is more. 

17 at.% phosphorous is the composition at which as-deposited 

sample becomes almost paramagnetic. Tf2  shows a weak tendency 

to decrease with increasing phosphorous content, but essentially 

remains around 600 K. The changes in temperatures at which 

the maximum value of magnetic moments corresponding to the 

two magnetic peaks, have been observed with the phosphorous 

content of Ni-P samples containing more than 12 at.%,is shown in 

fig-6.10. The graph shows that Tp1 increases with increasing 

• phosphorous contents while T
p2 

has a tendency to decrease with 

phOsphorous. 
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The magnetic moments at T and Tp2 
with the variation 

of phosphorous content have been shown in fig.6.11 for 

different Ni-P samples. It can be seen that the peak value 

of the magnetic moment in the first peak decreases as 

compared to that of second one, which 
	

has a tendency 

to increase with an increase of phosphorous. Fig.6.12 shows 

the change in magnetization after reactions indicated by 

the first and second peak; In both the cases on finds an 

increase in the change in magnetization with an increasing 

phosphorous content of the sample. Since Tpl, the tempera-

ture at which the first peak appears, increases with phos-

phorous, one assumes the evolution of the same amount of 

phase having enhanced magnetic moment in the sample with 

increasing phosphorous contents, the observed magnetic 

moment will be less because of its appearance at higher 

temperature. In fact with increasing phosphorous content 

of the sample the change in magnetization at T
pl 

will 

depend upon (i) the amount of precipitated phase of higher 

magnetization in this intermediate complex reaction and 

(ii) the temperature of appearance of this peak, Tpl. 

In the second case the observed increase in the 

magnetic moment with increasing phosphorous content b , 

can be explained by the fact, that the temperature at which 

peak is observed, decreases. However, it is known that the 

amount of crystalline nickel, remaining after, will be less 

and less with increasing phosphorous in the equilibrium 

reaction mixture of N i + N.13  P , it will contribute to a 
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decrease in magnetization. It has already been pointed 

out that as the phosphorous content in the sample increases, 

the height of the first peak decreases and that of the. 

second . peak increases. Heights of the peaks become equal 

for a sample at about 19.75 at.% phosphorous and after 

that height of the second peak looks higher than the first, 

although the absolute magnitude is small. The peak dis-

appears in the samples with phosphorous content exceeding 

about 21 at.% and the height of these peaks is expected 

to be small,because although crystallized nickel is coming 
out, )2.10 its amount is quite small.in these samples 

containing high phosphorous. In 25 at.% phosphorous samples 

the amount of nickel coming out is believed to be zero. 

It appears that in samples with phosphorous 12 to 20 

'at.%, the transformation of the as-deposited samples to 

equilibrium mixture is formed through a' n.  

complex reaction. But for samples with more than 20.5 at% 

phosphorous, the amorphous phase is stable and persists 

to a much higher temperature. As a result, it gets converted 

directly into equilibrium phases without passing through 

any intermediate transformation. 

6.3 RESISTIVITY CHANGES ON ANNEALING: RESULTS 

The temperature dependence of electrical resistivity 

of amorphous metals is very different from that of 
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crystalline metals as it has been discussed in chapter-5 

and the temperature coefficient of electrical resistivity 

may be positive or negative, depending upon the composition. 

This behaviour implies Matthiessen's rule ceases to be 

valid in the amorphous region, but the changes of resisti-

vity with temperature will indicate the transformation 

temperatures and quantitative informationl about dif:ferent 

transformations taking place. The present study is an 

attempt to understand the correlation between observed 

resistivity change and the structural transformation of 

electroless Ni-P alloys. In order to study the irreversible 

changes in resistivity during the annealing process, 

measurements were carried out while heating the samples to 

various temperatures upto 773 K (500°C) and then cooling 

these samples to room etemperature. 

6.3.1 Annealing Behaviour Of Resistivity In Polycrystalline. 

And Microcrystalline Samples 

The changes in resistivity of Ni-P film containing 

less than 12 at.% phosphorous have been shown in fig. 6.13. 

The representative sample of this category, whose results 

are sh9wn in the figure, contains 11 at.% phosphorous. The 

sample is thus polycrystalline or microcrystalline and 

contains more phosphorous in solution than is permitted 

equilibrium as it has been observed during investigations 

under electron-microscope and reported in chapter 4. 

The figure shows that the resistivity increases 

with temperature till around 400 K due to increased vibrations 
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but beyond.this tempei.ature the resistivity becomes 

steady till 460 K. There is a drop in resistivity in the 

temperature range of 470-520 K. The resistivity again 

starts increasing but there is another drop in resistivity 

in the temperature range from 650' to 690 K. It is note-

worthy that the resistivity remains quite steady also 

between 520 and 650 K.-The initial drop in Xresistivity 

may be attributed to a stress relaxation in the films but 

then, the increase in resistivity with temperature has not 

been noti cable between 520 and 650 K. it may be due to 
A 

balancing effect of lowering of resistivity by the grain 

growth in microcrystalline film. At a still higher 

temperature of 650 K the precipitation of Ni3P may have 

been responsible for the sizable reduction of resistivity. 

The resistivity plotted in this fig.6.13. and other similar 

figures to be presented in this section is normalized with 

respect to the resistivity at ambient temperature. The 

changes in normalized resistivity while cooling has also 

been shown in fig.6.13. 

'6.3.2 Annealing Behaviour Of Resistivity In Amorphous 

.Ni-P Alloys. 

Fig.6.14(a) and (b) show the variation of resistivity 

with-temperature while heating as deposited Ni-P samples 

containing 13.8 and 15.4 at.% phosphorous. These samples 

are in mixed state, as indicated in chapter 4, consisting 

of both microcrystalline as well as amorphous regions. 

The thermal behaviour of resistivity will be due to the 

changes'taking place in both these regions while heating. 



84 

If one compares fig.6.14 with 6.13, one will be 

able to identify the features to be attributed solely 

to the amorphous regions of the film. In fig.6.14(a) the . 

initial drop in resistivity in the broad temperature 

range between 380 to 500 K has been identified earlier 

with stress relaxation to the microcrystalline region. 

In addition now there will be atomic relaxation in the 

amorphous region of the film reducing its resistivity. 

-Beyond this temperature the resistivity remains steady 

upto 562 K which may be explained in terms of grain 

growth in the microcrystalline regions. From 562 to 

580 K there is quite a rapid drop in resistivity and 

again it happens in the temperature range between 586 to 

630 K. The first drop at 562 K may be attributed to 

intermediate reactions in amorphous regions yielding 

transition phases and the second drop at 586 K shows the 

lowering of resistivity accompanying the final crystalli-

sation reaction producing equilibrium phases in amorphous 

region and phosphide precipitation in microcrystalline 

regions. The cooling curve in resistivity is also shown 

in figure. Fig.6.14(b) shows qualitatively similar trends 

to those in fig.6.14(a) but the extent of resistivity 

drop during intermediate reaction and that during final 

crystallisation reaction are more here, because of an 

increased phosphorous content in the film resulting in 

larger amount of amorphous phase containing more 

phosphorous. The temperature of intermediate reaction has 

remained almost the same but the final crystallization 
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has started a little later above 600 K. 

The samples containing more than 18 at .% phosphorous 

have been found to be amorphous and'the resistivity changes 

of such films while heating will show the crystallisation, 

sequence of amorphous alloy without getting mixed with 

changes taking place in microcrystalline region as it has 

been pointed out in relation to fig.6.14. The changes in 

normaLized resistivity with temperature have been shown 

in 6.15;a), (b), (c),and (d) for films containing respectively 

18.8, 19.7, 20.6 and 21.5 at.% of phosphorous. 

In fig.6.15(a) one observe a lowering of resistivity 

at temperatures between 420 to 460'K but this lowering of 

resistivity is much less pronounced compared to that 

observed in microcrystalline or mixed films. In amorphous 

film there is atomic relaxation but the lowering of resisti- 

vity corresponding to this change is quite small and it 

becomes still less pronounced in films having a higher 

phosphorous content and consequently a higher disorder. 

In fig.6.15(b), '(c) and (d) this effect has almost vanished. 

The second drop in resistivity in fig.6.15(a.) is observed 

in the temperature range of 548 to 568 K just preceeding 

the major resistivity drop in the temperature range of 

568 to 600 K. The second resistivity drop is quite distinct 

in respect of the slope of resistivity change as compared 

to that during the major drop, so the second drop in resisti- 

vity is attributed to intermediate reactions preceeding the 

the final reactions to equilibrium state corresponding to 

the major resistivity drop. The slope of resistivity change 

increases with the phosphorous content as it is observed in 
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fig.6.15(a), (b), (c) and (d). This slope indidates the 

stability with respect to intermediate reaction. In the 

crystallization of these amorphous samples a new feature 

of a resistivity drop after the major drop is observed 

and this feature has not been noticed in microcrystalline 

films: This drop is visible in the temperature range between 

610 to 670 K in fig.6.15(a).-It is present also in 6.15(b), 

(c) and (d). This small drop in resistivity has been 

attributed to grain growth in equilibrium phases. 

6.4 DISCUSSION: THE CRYSTALLIZATION BEHAVIOUR 

Since metallic glasses are thermodynamically unstable 

spontaneous transformation to stable phases occur at 
a OYI,h0`4.5 

elevated temperature .In a Ni-P Phosphorouseneel*ed 

cljitogization leads to finally a mixture of equilibrium phases 

of crystalline nickel and Ni3P.Phosphorous when dissolved 

in nickel reduces its magnetic moment. both in the crystall-

ine and in amorphous state. In addition amorphous nickel 

has a lower magnetic moment as compared to that in its 

crystalline state (80). Thus, the crystallization of 

'amorphous Ni-P alloys can be investigated by observing the 

change in magnetization in a Vibrating Sample Magiletometer 

as it has been done so extensively in present investigation. 

The temperature dependence of electrical resistivity 

is another indicator conventionally used to investigate 

the sequence of crystallization (81). ,  

A study of the results obtained from the change in 

magnetization in the crystalline and microcrystalline films 

containing 5 to 12 at .% phosphorous shows that there is 
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no discernible peak in magnetisation as shown in fig.6.4. 

But the resistivity behaviour of sampl-es of this category 

as shown in fig.6.13 is marked by a resistivity lowering 

at around 470K and another major drop in resistivity 

at 644 K. The change in magnetization accompanying these 

resistivity drops is to such an extent that it is more 

than compensated by the decrease in magnetisation with 

an increase in temperature. 

However, the resistivity measurement after cooling 

the sample clearly shows enhancement of magnetization of 

these samples. 

The drop in resistivity observed at a relatively 

low temperature of 470 K may be attributed to stress 

relaxation and it does not reflect in the magnetization 

measurement. But the major drop in resistivity is 

associated with the precipitation of phosphides as can 

be seen from the X-ray diffraction patterns. 

In earlier investigation of Maeda (20) it was 

observed that in polycrystalline films recrystallization 

occurs at 673 K.along with precipitation of Ni3P and some 

Ni
5
P
4 and  Ni7P3. Although a faster grain growth may be 

taking place above 573 K causing the increase in height 

and reduction in width of (111) peak obtained in the 

X-ray diffraction pattern of a sample heated to 673K as 

shown in fig.6.3(b) but there is no evidence of any 

phosphide except Ni3P. The enhanced height Of (iii) peaks 

at 400 K may also be attributed to the development of (111) 
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fiber texture as observed by Graham et.al (17). 

It also may be pointed out that the present study 

finds no basis in the assumption of Albert et al that about 

60 percent of phosphorous present is in the form of 

non-magnetic Ni 3P in the as-deposited state. Thus, the 

polycrystalline and microcrystalline nickel-phosphorous 

alloy containing less than 12 at.% phosphorous undergoes the 

following changes on heating. 

1. Stress relaxation in the film causing a lowering 

of resistivity at around 450 K. 

2. Phosphide precipitation from super-saturated f.c.c. 

nickel and its grain growth at around 650 K causing 

major drop in resistivity but no corresponding 

peak in magnetization. 

In the films containing more than 12 at.% phosphorous 

the magnetization measurement has shown two peaks as given 

infig.6.5(a), (b), (c) and (d). These samples contain less 

than 18 at.% phosphorous. It may be remembered that in chapter 

4 it has been claimed that samples containing upto 14 at..% 

phosphorous remain microcrystallinz. But the evidence of 

two magnetisation peaks indicate the presence of amorphous 

phase in the sample containing 12 at.% phosphorous which 

might have escaped 'the detection by electron microscopy. 

Also, the uncertainty in the determination of chemical 

composition of thin films prepared for electron-microscopy 

has made, it impossible to determine the composition limit 

of microcrystallinity by this technique. But magnetization 

measurements havtbeen done on thick samples and its composi-

tion is fairly accurately determined. So 12 at.% phosphorous 
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may be ,,taken as the limit of stability of microcrystalline 

structure within the limit of detection of this experiment. 

The peaks appearing in curve showing thermal behaviour 

of magnetization in films containing phosphorous exceeding 

12 at.% may be attributed to the amorphous phase present in 

these films because the peaks are absent in polycrystalline 

and microcrystalline films. The evidence from resistivity 

behaviour 'as shown in 6.14(a) and (b) also confirms the 

presence'of amorphous phase in films containing 13.8 and 

15.4 at .% phosphorous by showing addition of features not 

present in polycrystalline or microcrystalline films. But 

these films are not totally amorphous because the character-

istics observed in resistivity behaviour of microcrystalline 

are also present. But in films containing above 18at.% 

phosphorous there is no evidence of the presence of micro-

crystallinity. The conclusion of the earlier workers like 

Graham et al (17), Albert et al(19), Maeda (20) and 

Goldonstain et al (16) that even a film containing 12 at.% 

phosphorous is amorphous does not find confirmation in the 

present study. However, 12 at.% phosphorous is the compo-

sition at which amorphous phase start appearing in films. 

The magnetization behaviour of films containing 19.7 and 

20.3 at.% phosphorous as given in fig.6.5(e) and 6.5(f) show 

the presence of two peaks as observed in samples in mixed 

state with lower phosphorous content. But the sample containing 

23.5 at.% phdsphorous has a single peak in its magnetization-

temperature curve. yet the resistivity-temperature curve of 

,samples containing 18.8 to 21.5 at .% phosphorous as given 

in 6.15(a) to (d) is distinctly different from those 
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obtained from samples in mixed state. From the change 

in resistivity with temperature, thAve appears to be 

changes taking place in four steps in the films while 

heating to cause a lowering of :resistivity. 

1) A minor lowering of resistivity at 420 K. 

2) A more significant lowering of resistivity. as 

compared to that in (1) but with a relatively 

smaller slope. 

3) A sharp drop in resistivity at around 580-6000K 

to a 75% of its original value. 

4) A 5-10 % drop in resistivity at around 650 K 

at a rate faster than (2) but much slower than(3). 

If one looks for the changes.in magnetization one 

finds that there are peaks in magnetization corresponding 

to changes in resistivity in step (2) and step (3).but there 

is none accompanying step (1) or step (4). If these 

observations are combined with the evidence of X-ray 

diffraction and selected area diffraction under electron 

microscope as given in 6.2(b) and 6.3 the step 1 can occur 

only due to some structural changes within the amorphous 

phase. There might be atomic relaxation or local ordering 

which will be detected by resistivity but not by any 

other technique employed. 

Fig.6.2 (c) and 6.3(a) indicate that the step 

(2) corresponds to precipitation of almost pure crystalline 

nickel from the amorphous phase as it can be observed in 

the electron micrograph shown in fig.6.1(b). Crystalline 

nickel will also have a higher magnetization to result 
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in the first peak obtained in fig.6.5(a) to (f). Several 

higher phosphids may also form at this phase like Ni5P4 and 

Ni7P3 as reported by Maeda (20). 

The SAD patterns obtained have (fig.6.2(d) indicated the 

formation of such intermediate precipitates but the exact 

identity of these phosphides could not be determined because of 

their small amount and the occurrence of peaks from many of 

these phosphids at similar d-values. 

The extent of the reaction involved in this step reduces 

with an increase in the phosphorous content of the amorphous 

film as it will be evident from the extent of resistivity 

drop for these step shown in fig.6.15. The observation of a 

single peak in the magnetisation curve of Ni-P film containing 

23.5 at.% phosphorous may also indicate a total absence or this 

step at that composition. However, Randin et.a1(58). in 

DTA of Ni-P has observed the absence of the first reaction 

step in crystalline at about 18 at.% phosphorous itself 

which is contradicted by the present results. It is quite 

possible that due to a reduced extent of the reaction 

of this step DTA could not detect its'presence beyond 18 

at./. 

.-Step(3) can be identified with final .crystallization 

and transformation to stable phases. The films will not 

show the presence of any amorphous phase after this step 

as evident in fig.6.2(d). The content of these films as 

determined by X-ray diffraction analysis given in fig.6.3(a) 



92 

are crystalline Nickel and Ni3P. 

Since the remaining amorphous phase is undergoing 

crystallization there will be an increase in the magneti-

zation of the films giving rise to second peak. 

The last step in ,the sequence of crystallisation is 

difficult to understand as it has not been identified by 

any other probe than resistivity, it has to do something 

with internal structure of phases present after crystall-

isation. 

At such a low temperature the solid state transformation 

to crystalline nickel by nucleation and growth may 

resulting into highly deformed nickel due to volume changes 

associated with the process. It is also possible that the 

deformed nickel is undergoing recovery, if not recrystalli-

zation to give rise to lowering of resistivity. But the 

present study does not have any direct evidence for this 

explanation. 

When the phosphorous content of the amorphous samples 

is increased, the extent of enhancement of magnetisation, 

at the first peak, increases as shown in fig.6.12 and the 

temperature at which .the peak is observed increases. Thus 

the extent of precipitation of nickel from amorphous phase 

increases with increasing phosphorous and the temperature 

for this intermediate reaction is pushed to higher 

temperature. In other words, the amorphous phase becomes 

more stable vis-a-vis this intermediate reaction. At a 

phosphorous content of 23.5 at.% the amorphous phase is 

so stable that nickel comes out of the amorphous phase 

only during step (3) and step (2) is not observed 
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independently. 

The starting temperature for the peak in magnetisation 

remains fairly constant up to about 18 at.% phosphorous • 

as shown in fig.6.9 and corresponding magnetisation is 

fairly linear 	in this range as shown in fig.6.11. 

This may be an indication that the composition of 

amorphous state and microcrystalline state remains the same 

in the mixed state, only their relative amount changes with 

the overall phosphorous content of the film. In absence 

of EDX facility this matter could not be probed further. 

Towards the•end of this investigation Bakonyi et al(62) 

kindly provided with the manuscript of their 

paper on this topic. There are points of similarity and 

differences of his results with the observations of the 

present investigation. He finds the. crystallisation 

behaviour in films containing less than 20 at.% phosphorous 

to be distinctly different from those having greater than 

20 at .% phosphorous. For films containing less han 20 at.% 

phosphorous, there is precipitation/segregation of nickel 

in the remaining amorphous matrix with increased phosphorous 

content. The present study has identified this as step 2. 

but Bakonyi plots the temperature for this transformation 

for a film containing 10 % phosphorous. The present study 

indicates that below 12 at.% phosphorous the films are 

microcrystalline *and does not show this reaction at all. 

The film transforms to stable phases of almost pure nickel 

and Ni
3P simultaneously. 
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For films containing more than 2o at.% phosphorouS, 

Bakonyi claims that initially the amorphous alloy 

transforms completely to Ni5P2  and crystalline nickel sub-

sequently and Ni5P2 recrystallizes to Ni3P. The present 

investigation does not confirm these observations. If the 

sequence of transformation given by Bakonyi is correct, there 

will be only one peak in magnetisation because in the second 

step crystalline nickel will be consumed by Ni5P2  to become 

Ni3P, so:there will be a dip in magnetisation. The present 

investigation of two peaks in magnetisation of )al 20.3 at.% 

phosphorous as shown in fig.6.5(f) is at variance with the 

sequence of transformation according to Bakonyi et al. 

6.5 SUMMARY 

The changes in structure and the crystallization of 

amorphous films have been investigated in Ni-P alloys 

containing 5.4 to 23.5 at.% phosphorous, by electron 

microscopy, X-ray and selected area electron diffraction, 

magnetisation and resistivity measurements. 

The polycrystalline and microcrystalline films 

containing less than 12 at.% phosphorous undergo a stress 

relaxation at around 450 K and subsequently, around 650 K 

the precipitation of Ni3P reduces the resistivity markedly 

and enhances the magnetisation. In the amorphous films 

containing more than 18 at.% phosphorous there is a very 

small reduction of resistivity at around 420 K and 

attributed to'atomic relaxation. 

A continued heating shows a lowering of resistivity 

over a broad temperature range and a corresponding peak 
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in the magnetisation. At the end of this temperature 

range there is a sharp drop in resistivity and another 

peak in magnetisation to correspond with it. 

The former reaction taking place over a broad 

temperature range results in the precipitation of Nickel 

and its higher phosphids, the extent of this reaction 

reduces with increasing phosphorous content and it 

becomes non-existent in an alloy containing about 23.5 at.% 

phosphorous. The alloys with an intermediate phosphorous 

content of 12 to 18 at.% show a superposotion of the 

characteristic reactions taking place in the micro-

crystalline and the amorphous regions. 
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CHAPTER7 

CONCLUDING REMARKS 

The cheMical deposition of amorphous Nickel-Phosphorous 

film by Brenner et al in 1947 provides the second 

example of making noncrystalline alloys. Somewhat later 

Brenner 'and others ;12) again made an important mark by 

electrodepositing amorphous Ni-P alloys. But it was not 

until the discovery of melt-quenched amorphous alloys 

by Pol.Duwez in 1959 that the widespread attention of the 

scientific community was drawn to explore the potential of 

these materials. Still, the electrglessand_electrodeposited 

amorphous alloys have received much less attention dnspite 

of relative simplicity of these techniques. 

In melt quenching or splat cooling amorphous alloys 

are made by kinetically suppressing the nucleation and 

growth process for crystallization. The most favourable 

glass forming composition range in this technique lies around 

the eutectic, the region of maximum stability of liquid 

structure. Schneider and Weisner ( 48) observed amorphouS 

structure only in melt quenched Ni-18 at.% phosphorous 

but between 12 to 17 at .% phosphorous the alloys are 

microcrystalline.: The mechanism of formation of amorphous 

structure in electroless and electrodeposited alloys are 

not clear and the most favourable range of composition 
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for amorphous alloys by these techniques need not be 

identical to that of melt quenching. Makhsoos( 61 )9 

while summarizing the literature for electrodeposited 

alloys concludes that those containing between 12 to 26 at.% 

phosphorous are amorphous. The structural studies of 

electroless films by electron microscopy,X-ray and selected 

area electron diffraction pattern reveals that the films 

containing less than 11 at.% are polycrystalline. Those 

having phosphorous between 11 to 14 at.% are microcrystalline 

and the films with 14 to 18 at.% phosphorous are in mixed 

microcrystalline-amorphous state. Finally, the films 

containing 'more than 18 at.% phosphorous are fully 

amorphous. The uncertainty in determining the limits of 

composition are reasonably high due to difficulties in the 

chemical analysis of these films. Also, the microscopy and 

X-ray techniques have a higher limit of detection. These 

results have been refined by magnetic measurements 

on thick films where compositions are known quite 

accurately. The films in mixed state are observed in a 

composition range of 12 to 18 at.% phosphorous. Thus, in 

the same system of Ni-P alloy the occurrence of micro 

crystalline and amorphous phase are observed over different 

ranges depending on its method of preparation. This aspect 

of formation of amorphous alloys requires a more deeper 

probing. 

The selected area diffraction patterns of the 

amorphous phase are quite distinct from that of 
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microcrystalline alloys. The former contains one intense 

and another weak diffuse rings but the .latter will show 

two relatively intense rings along with a weak 

diffuse ring. But it requires a careful observation 

for proper identification. Bagley and Turnbull(59) 

suggested that microcrystalline films will grow to 

coarser crystallites, on heating but an amorphous film 

will transform by nucleation and growth. A simultaneous 

coexistence of crystalline and amorphous diffraction 

pattern should indicate a phase transformation. Fortunately, 

the precipitation of crystalline Nickel from amorphous 

alloy made it possible to observe the co-existence of 

diffuse rings and diffraction spots... The final crystall-

isation reaction is quite rapid as it has been observed 

in the annealing behaviour of resistivity. In sample of 

higher phosphorous say more than 24 at.% P it may not 

be practicable to identify amorphous phase by the sugges-

tion of Bagley and Turnbull. 

The electrical and magnetic properties of electroless 

films as it has been observed in the present investigation 

are quite similar to those of electrodeposited films. 

The amorphous films are weak itinerant ferro magnetic 

with Curie temperature and magnetisation reducing with 

an increasing phosphorous content. The reduction of 
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magnetisation takes place at a slower rate with phosphorous 

in the amorphous alloy as compared to that in the non-

equilibrium crystalline Ni-P alloy. In the amorphous 

alloy strong magnetic. clusters are observed to exist 

in the paramagnetic state upto paramagnetic Curie 

temperature which is observed to decrease with an increase 

in the phosphorous 'content of the alloy. The resistivity 

of the microcrystalline, mixed and amorphous alloys show 

a quadratic variation with temperature in the range -of 
140 to 280 K and a linear variation in the range of 

280 K to 400K. However, it should be noted that the 

resistivity of electroless films are lower as compared 

to those observed in electrodeposited films upto a 

phosphorous content of about 18-20 at .% which may again 

be an indication of the fact that the electrodeposited 

films are amorphous at a phosphorous content beyond 12 at.% 

while the electroless films tare in mixed state. The 

micro-crystalline regions act as shunt that reduces the 

resistivity of such alloys. 

The transformations in non-equilibrium Ni-P films 

on heating have been intensively investigated in order 

to understand the crystallisation behaviour of amorphous 

Ni-P alloys. The films with less than 12 at% phosphorous 

when heated, relieves its stress at around 450 K. At a 
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still higher temperature of around 650 K the equilibrium 

Ni
3
P precipitates out from supersatUrated crystalline 

Nickel. The changes in magnetisation are not so high as 

to display a peak in magnetisation,but_on cooling the;alloy 

from above 650 K
7
one observes an enhanced room temperature 

magnetisation. The amorphous alloys on annealing shows 

an atomic relaxation reflected in the measured resistivity 

at around 420 K but at a still higher temperature one 

observes precipitation of crystalline nickel over a broad 

temperature range. On further heating the crystallisation 

of the amorphous alloy to equilibrium phases of Nickel 

and Ni3 P takes place above ,680 K. Subsequent to crystalli-

sation the alloys undergoes another transformation which 

has been attributed to recrystallisation of the crystallised 

phases. The extent of precipitation of crystalline nickel 

reduces with an increasing phosphorous content in the 

amorphous alloys and this reaction is not observed in a film 

containing 23.5 at % phosphorous.with increasing phosphorous 

the'temperature for crystalline Nickel precipitation increases 

and that of crystallisation to equilibrium phases reduces. 

The electroless films in the mixed microcrystalline amorphous 

state shows a superposition of annealing behaviour of these 

constituent regions. 

The present investigation has been an attemptto.understand 

the structure and properties of electroless Ni-P alloys 
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in particular its crystallisation behaviour. The 

composition ranges of stability. of crystalline, micro-

crystalline and amorphous alloys in electroless films 

have been established by diffraction analysis and 

microscopy, and it has been refined further by annealing 

studies by magnetisation and resistivity measurements. 

The existence of a mixed microcrystalline and amorphous 

state has been identified for the first time for an 

intermediate phosphorous content of 12 to 18 at/.in the 

films. The high Curie temperature and lower resistivity 

of these films as compared to those in electrodeposi'ted 

films, have been attributed to this mixed state. The 

sequence of transformation on annealing the crystalline, 

microcrystalline and the amorphous films have been 

determined in an integrated way by combining the results 

of microscopy, diffraction analysis, magnetization,and 

resistivity behaviour 'on annealing. It may very well be 

that the phosphorous contents in both the microcrystalline 

and amorphous regions for a mixed state remains almost 

constant but it could not be confirmed due to a lack of 

facility for microprobe analysis. 

The purpose of the present investigation, to unravel 

the‘unique characteristics of electroless Ni-P alloys 

through the structure and property characteristics in 
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contrast to those obtained by electrodeposited and 

meltquench techniques and to understand the intermediate 

reactions leading to the formation of non-equilibrium 

phases during the crystallization, has been fulfilled 

to a large extent. 
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